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The last decade has seen the cost and supply of energy 
become major planning factors throughout the extractive and 
fabricating sectors and they can be expected to dominate 
public and private discussions for some time to come. The 
copper industry is the most energy intensive,, on a unit 
volume basis, of the primary metal industries. Because it 
is a key segment of the economy, it is important to under­
stand the energy consumption and the potential effects that 
further increases in energy costs will have on the availa­
bility of domestic primary copper.
The data reported in this study were obtained from a 
canvass of the copper companies operating mines or processing 
facilities in 1979* Increasing energy costs stem from two 
factors - increases arising from greater amounts of energy 
required to recover each pound of copper and escalation of 
prices per delivered BTU.
The energy requirements for 1979 were 55,030 BTUs per 
pound of refined copper. This represented a 24 percent in­
crease over 1978 and an average compound growth rate of 1.1 
percent for the period 1954 to 1979. Although conservation 
efforts were able to reduce consumption in 1977 and 1978, 
such savings could not be expected to continue without sub­
stantial investments in process changes. The 1979 data may
iii
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signal that further decreases are not possible. Decreasing 
ore grade, increasing waste-to-ore ratios, and pollution 
control are the primary reasons behind this increase.
The average energy cost in 1979 was 16.95 cents per 
pound of refined copper, as compared to *1.83 cents in 1973. 
Energy costs are projected to increase to between 53.44 and 
61.77 cents by 1990. Energy costs account for 10 percent of 
the operating costs for underground mines; 17 percent, for 
surface mines; 3 percent, for leaching; 30 percent, for mill­
ing; 41 percent, for smelting; and 32 percent, for refining.
The sensitivity of copper availability to changes in 
energy costs was based on three cases. Each case considered 
the 73 properties identified as potential sources, with 70.5 
million metric tons (MT) of copper, and a 15 percent DCFROR. 
The Base Case used the BOM data to generate the 1979 resource 
availability curve. In the 1973 Case, the escalation of en­
ergy costs was stripped from the operating costs, while in 
the 1990 Case, the projected increase was added. In the Base 
Case the maximum supply price was $3.93 per pound of copper. 
This dropped to $3.40 in the 1973 Case and increased to $6.95 
in the 1990 Case. Assuming a market price of 95 cents, the 
potentially available copper progressively declined from 
47.0 million MT in the 1973 Case to 36.7 million MT in the 
Base Case and to 10.9 million MT in the 1990 Case.
Further, properties with lower supply prices and surface 
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CHAPTER 1 - INTRODUCTION
The outbreak of the "Yom Kippur" war in October 1973, 
accompanied by the oil embargo imposed by the Organization 
of Petroleum Exporting Countries (OPEC) against the United 
States and the Netherlands, and the subsequent quadrupling 
of crude oil prices by the beginning of 1974, jolted the 
world into a period of frenzied reassessment of national 
objectives. For the United States and the remainder of the 
Developed World the specter of similiar embargoes, perpetra­
ted by producing countries for the accomplishment of widely 
varying socio-economic and political objectives, spelled the 
end to the seemingly inexhaustible, inexpensive supply of 
energy. Since the first supply restriction, the supply of 
energy at a "reasonable" price (reasonable being defined 
from the perspective of the consumer) has become a powerful 
economic and political objective - at times, almost a jingo­
istic mania. Specifically, in the period immediately preced­
ing the current recession, the rapid escalation of energy 
costs was pointed to as one of the major causes of the up­
wardly spiraling, domestic inflation rate.
Consequently, the last decade has seen the cost and 
supply of energy become major planning factors in the manu­
facturing and extractive sectors of this country. Further, 
energy can be expected to dominate public and private
1
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discussions for some time to come. The copper industry, like 
other primary metal industries, is extremely energy inten­
sive. As it represents a key segment of the U.S. economy - 
providing significant inputs to the electrical, construc­
tion, industrial machinery, and transportation industries - 
it is vitally important to understand the energy consumption 
and the potential effect of rising energy costs on the avail­
ability of copper.
Purpose
The purpose of this thesis is to study the effect of 
increasing energy costs per pound of refined metal on the 
availability of copper from primary domestic sources. Two 
other sources, foreign production and recycling of scrap or 
secondary recovery, provide significant inputs of copper to 
the domestic market. These sources, discussed in greater 
depth in Appendix A, though important from an energy stand­
point as well, are outside the scope of this thesis.
Increasing energy costs can be attributed to two major 
factors. The first is the direct increase resulting from the 
escalation of energy prices. The second indirectly stems
from the energy intensification of the copper industry, that 
is, the greater amount of total energy required to recover 
each pound of refined copper. This increasing trend arises
from the continually declining ore grades, increasing waste-
to-ore ratios and ore body depths, and increased pollution
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abatement requirements imposed by state and federal Clean 
Air and Water Acts (Snell, 1975, p II-2), and it can be ex­
pected to continue despite energy conservation efforts.
Method of Analysis
The first step of the analysis required the determina­
tion of the energy consumption, costs, and the usage pat­
terns for the production and processing of primary copper. 
This was accomplished by conducting a canvass of the thir­
teen copper producers operating production or processing 
facilities during 1979.
The consumption data and usage results were compiled and 
compared with previous consumption and energy mix studies to 
illustrate how the industry has become more energy intensive. 
Qualitative inferences concerning future consumption and po­
tential shifts in energy mix are also discussed.
Finally, the effect of energy on the operating costs 
(opcosts) was determined for each production and processing 
stage so that a current dollar economic analysis could be 
done. The results obtained from the producing properties 
were utilized to approximate anticipated energy costs for the 
remaining non-producing properties which have been identi­
fied by the industry and the U.S. Bureau of Mines as poten­
tial producers. The economic analyses were performed using 
the Supply Analysis Model (SAM), a resource availability 
model developed by the Bureau of Mines, which is described in
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detail in Appendix B. The economic analysis routine of the 
model determines the ’’supply price” of the copper necessary 
to provide sufficient revenues to cover all costs, including 
a return on investment large enough to attract new capital. 
It is important to note that the "supply price” is not neces­
sarily equivalent to the market price. Three curves have 
been developed as a part of the sensitivity analysis of en­
ergy costs. The base case curve utilizes the 1979 capital 
and operating costs, by-product prices, and production data; 
while the remaining cases alter only that portion of the op­
erating costs due to energy. The first case uses actual 
1973 energy costs and the second uses projected 1990 energy 
costs taken from estimates of the Department of Energy (DOE).
Organization of Thesis
The second chapter provides a detailed discussion of the 
energy consumption in 1979 for each phase of the primary cop­
per industry from production through refining. The current 
consumption is compared to past consumption figures to test 
the hypothesis that the trend towards energy intensification 
is continuing, despite the industry’s conservation efforts. 
An energy mix is also prepared and compared with historical 
data in an effort to isolate potential shifts in the future.
The third chapter presents the average 1979 energy 
costs per pound of refined copper and the portion of the 
total operating costs attributed to energy for each phase of
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production and processing. A description of the three cases
»considered in the study is also provided, including a discus­
sion of the procedures used to convert the cost data into a 
usable form for the economic analyses necessary to generate 
the total resource availability curves (TRAC). Addition­
ally, the sensitivity analysis for the 1973 Case, designed 
to determine the impact of changes in the 1979 energy costs, 
is described. Lastly, the sensitivity analyses for the 1990 
Case, designed to determine the impacts of changes in unit 
energy consumption and inflation, are also discussed.
Chapter four presents the results of the economic 
analyses in two forms. The first is a total resource avail­
ability curve, which provides an excellent visual aid for 
portraying the relative shifts in the supply prices arising 
from changes in the energy costs. The second is a table of 
supply prices for selected properties. A description of the 
total resource availability curve is also provided.
The conclusions are presented in the final chapter.
Review of Previous Work 
One of the most comprehensive studies was conducted by 
the Bureau of Mines (Rosenkranz, 1976, 22 p) in which energy 
consumption data for 1963 and 1973 were compared. The re­
port indicated that the average energy requirements, express­
ed in BTUs per pound of copper, had increased from 40,627 
BTUs in 1963 to 49,432 BTUs in 1973. More specifically, in
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1973, the consumption was distributed as follows:
Energy Consumption 




Open pit ................ 7 , 259




Precipitating .......  17,373
Weighted Average ....  17,937
Smelting ................... 17,923
Refining ................... 6,012
Total ...................  49,^32
The study also reported that the average energy cost 
was 4,83 cents per pound of contained copper. The study 
further compared the 1963 and 1973 energy mixes for the com­
bined mining and milling stages. The comparison revealed 
major increases in the amount of electricity used, rising 
from 57.2 percent of the total energy consumption in 1963 to 
79.2 percent in 1973, and in diesel fuel consumption, which 
rose from 5.9 percent in 1963 to 15.4 percent in 1973. Nat­
ural gas and coal both declined from the 1963 levels.
An energy consumption study conducted by the Oak Ridge 
National Laboratory (Bravard, 1972, p 34-37) attempted to 
calculate the energy requirements for different ore grades, 
utilizing the technology present in the industry in 1970. 
The study found that a 1.0 percent ore required a total of
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13,117 kilowatt-hour (kw-hr) equivalents per ton of contained 
copper and a 0.3-percent ore required 24,306 kw-hr equiva­
lents. Using a conversion factor of 10,481 BTUs per kw-hr 
equivalent, these figures are roughly equal to 68,740 and 
127,376 BTUs per pound, respectively. This consumption was 
distributed among the three production stages as follows:
An additional energy requirement of 40.23 kw-hr per ton of 
copper is necessary to recover the precious metals from the 
refinery sludge and 187.5 kw-hr per ton of copper, for re­
covery of the sulfuric acid from the smelter gases.
The Bureau of Census, the source of the 1963 data used 
by Rosenkranz in the Bureau of Mines study, also publishes 
the Census of Manufactures. In the 1972 issue (Bureau of 
Census, 1973, p 20-21), the 1971 energy consumption was 
reported by industry group and individual industry. The
Stage of Processing
Energy Consumption 
(kw-hr equivalents per 
pound of copper)
























data for the primary copper industry were listed as follows, 
where all costs are given in millions of dollars:
Type of Energy Used_____________ Quantity Cost
Fuel Oil
Distillate (1000 gallons) 
Residual (1000 gallons) 
Coal (1000 short tons)
Coke (1000 short tons)
Natural Gas (billion cu ft)
Other Fuels ................








Foster D. Snell, Inc. (1975, 31 p) conducted a very de- 
tailed study for the Federal Energy Administration. The 
report indicated that the 1972 energy requirement to produce 
a pound of primary copper was approximately 47,250 BTUs. The 
consumption was distributed among the different processing 
stages as follows, where all figures are in millions of BTUs 
per ton of copper:
Process Electri- Gas Petro- Coal Chemicals Total
_________________city__________ leum__________________________
Mining 5.0 0.8 9.2 —  1.0 16.0
Milling 37.4 0.6 —  —  1.0 39 .0
Smelting and
Converting 2.5 15.0 1.7 4.3 1.5 25.0
Refining 5.0 4.0 4.7 0.3 0.5 14.5
Total ?9T9 207̂ r T5T6' TT7& T7o 9^75
The study also projected that energy consumption would in­
crease by 27 percent between 1972 and 1980, as a result of 
declining ore grades and increased state and federal pollu­
tion standards.
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Battelle Laboratories (1975, p 40-56) conducted a study 
for the Bureau of Mines on energy consumption during 1974 
and concluded that 56,146 BTUs per pound of primary copper 
were required. The study provided a detailed breakdown for 
each stage of the operation, as summarized in the flowsheet 
shown as Figure 1. The figures on the flowsheet are in 
millions of BTUs per ton of copper.
Aldo Barsotti (1979, p 147-154) performed a theoreti­
cal analysis of the potential energy shortfall for the pro­
duction of primary metals by the year 2000. However, as a 
base case he utilized the energy consumption data for 1975, 
which were found to be:
Energy Consumption 
Stage of Processing______________(million BTUs)
Open pit mining and
processing .................  0.421 per MT ore
Underground mining and
processing .................  0.518 per MT ore
Smelting ..................... 29.95 per MT copper
Refining ..................... 15.44 per MT copper
Using a weighted average for mining based on 89 percent of 
the ore being mined in 1975 by open pit methods and an aver­
age ore grade of 0.47-percent copper, the average consump­
tion for mining and processing is 91.84 million BTUs per 
metric ton of copper. Hence the total 1975 energy consump­
tion was approximately 62,236 BTUs per pound of copper.
Linda Gaines of the Argonne National Laboratory is pre­







































































Figure 1: Energy Consumption for 197^ in the primary copper 
industry. Source: Battelle, 1975, p 50.
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Plow in the Primary Copper Industry." Although she presents 
no original data, the study compiles much of the previous 
work which has been done on energy consumption and therefore 
provides excellent background information.
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CHAPTER 2 - ENERGY USE IN THE DOMESTIC 
PRIMARY COPPER INDUSTRY
The basic energy data reported in this thesis were ob­
tained by a canvass of the domestic primary copper producers. 
Included in the canvass were the 31 mines and mills, 16 
smelters, and 20 refineries and electrowinning plants which 
were operated in 1979. A listing of the facilities included 
is provided in Appendix D. A number of other mines produced 
copper as a by-product during 1979, however, only those mines 
which produced copper as the primary product or as a co­
product were considered. Several other refineries were also 
operated in 1979, but were not included in the canvass as 
they handled foreign blister or recycled scrap exclusively. 
The canvass consisted of energy consumption forms for each 
mine, mill, smelter, and refinery or electrowinning plant 
and a corporate-wide energy usage pattern form. Examples 
of each form are given in Appendix E.
Of the facilities included in the survey, nine mines, 
seven mills, four leaching operations, two smelters, and 
five refineries and electrowinning plants responded favora­
bly. The majority of those responding negatively cited a 
corporate policy against releasing energy data to private 
individuals.
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As in any energy study, the units present some minor 
difficulties. All fuels have been charged with their gross 
heating values, as is common in all energy studies of this 
type. The raw consumption data were converted to a standard 
British thermal unit (BTU) equivalent utilizing the conver­
sion factors given in Table 1.
Table 1: Energy 
heating values to
conversion factors to convert 
British thermal units (BTUs).
fuel gross
Type of Energy Unit of Measure BTUs/unit
Purchased Electricity kilowatt-hour 10,481
Diesel Fuel gallons 138,667
Propane gallons 92,000
Heavy Fuel Oil gallons 149,643
Gasoline gallons 124,953
Natural Gas thousand cubic feet 1,035,000
Bituminous Coal^* short-ton 24,580,000
1• Actual calorific content for coal was requested in the 
canvass. If not provided the value given above was used.
Sources: Gelb and Pliskin, 1979, P 28; Rosenkranz, 1976, p
2; and the American Bureau of Metal Statistics.
Thus, the total process energy equivalent was calculated 
for each facility by summing the direct fuel consumption and 
the fuel equivalent of the electrical energy used. The con­
sumption of oils and lubricants was also requested for each 
facility, but none of the reporting operations included it. 
No attempt has been made to determine the fuel equivalent of 
the major reagents and materials consumed in the operations,
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nor were any energy credits for useful by-products or surplus 
heat determined. Most studies, with the exception of some 
theoretical calculations, do not attempt the latter adjust­
ments and the omission of oils and lubricants does not intro­
duce a significant error since the energy equivalent is minor 
when compared with the categories considered.
The total BTU equivalent for each facility was then 
converted to the number of BTUs consumed per pound of re­
fined copper. Aggregate data were determined by a weighted 
average based on the amount of recovered copper from each 
phase of production. Table 2 presents the average data for 
each of the four stages of production - mining, beneficiat- 
ing, smelting, and refining. As is readily apparent from 
the data, the most energy intensive stages are milling and 
smelting.
Although the average energy consumption in this study 
was determined separately for each stage of production, the 
discussion which follows uses the U.S. Bureau of Census 
classification system in which mining and beneficiating have 
been combined into the copper ores sector, SIC 1021, and 
smelting and refining, into SIC 3331. This distinction per­
mits the inclusion of several studies for historical energy 
consumption data which would have otherwise been excluded. 
Whenever possible, the breakdown into the four stages has 
been retained. The historical data are presented in Table 3.
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Table 2: Average energy consumption for production of a




Surface .....................  10,302
Weighted Average-̂ - ..........  10,459
Beneficiating
Flotation ................... 21,314
Leaching and Precipitating .. 16,729 
Weighted Average^ ..........  20,856
Smelting .......................  17,907
Refining   5 , 808
Total   55 ,030
1* Based on approximately 82 percent of 
production from surface mines.
2- Based on approximately 10 percent of 
production from leach operations.
The data collected in this study indicate that the 
previous trend toward increased energy consumption per pound 
of recovered copper may have resumed, despite intense energy 
conservation efforts of the copper producers. Historically, 
total unit energy consumption in the copper industry has 
been increasing. Specifically, between 1954 and 1979, con­
sumption has grown at an average annual rate of 1.1 percent. 
The average growth rate, however, conceals substantial fluc­
tuations within the reported period. Total average unit con­
sumption fell at a 1.0 percent annual rate betwen 1954 and
T-2347 16
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Table 3: Historical data on energy consumption per pound
of copper, 195^-1979.
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1967, increased 5.9 percent between 1967 and 1976, decreased 
nearly 16 percent between 1976 and 1978, and then increased 
dramatically by nearly 24 percent in 1979. According to a 
Department of Energy Annual Report on the Industrial Energy 
Efficiency Program (1979, p 20), the 1978 decreases in ener­
gy consumption were stimulated by improved capacity utiliza- 
zation rates, and to a lesser degree by a significant improve­
ment in the energy efficiency of plant processing equipment. 
Further, according to the Energy Manager, a major producer 
experienced a 10 percent reduction in energy consumption be­
tween 1972 and 1979. The Energy Manager also indicated that, 
in the next decade, the company expects a further dramatic 
reduction, while concomitantly, complying with the emission 
standards of the Environmental Protection Agency (EPA).
Mining and Beneficiating Sector 
The average growth for unit energy consumption in the 
mining and beneficiating sector has increased at an annual 
rate of 1.1 percent. As with total energy consumption growth 
rates, numerous fluctuations are hidden by the average rate 
of increase.
Primary Uses of Energy
The primary uses of energy in mining operations, both 
surface and underground, are for excavation and haulage of 
ore and waste. In surface operations, for example, approxi­
mately 86 percent of total energy consumption is for the
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excavation of the ore and overburden stripping, and 14 per­
cent is for haulage. Diesel is used extensively in surface 
mines for operation of ore drills, shovels, and trucks. In 
underground operations, electricity is the dominant source of 
energy and it is used for lighting, ventilation, compressed 
air generation, pumping and hoisting, and some equipment op­
eration. Diesel is used for most of the remaining equipment.
In froth flotation milling operations of sulfide ores, 
the dominant source of energy is electricity which is used 
extensively in crushing, grinding, and flotation. Crushing 
generally accounts for approximately 12 percent of the total 
energy consumption; grinding, 56 percent; flotation and 
tailings disposal, 16 percent; and general plant operations, 
the remaining 16 percent.
Energy use in leaching operations is directly related 
to the type of leaching and recovery method employed. In 
general, however, the primary uses are for ore handling, 
pumping of leaching solutions and pregnant liquors, genera­
tion of compressed air, precipitation, solvent extraction (a 
minor consumer of energy), or electrolysis.
Factors Affecting Energy Consumption
Energy use is highly sensitive to ore grade for both 
mining and concentrating operations. Consequently, the de­
crease in the ore grade is the most significant factor which 
has led to the rise in the energy requirements since a
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greater amount of ore must be handled. Lower ore grades fur­
ther complicate milling, in that additional grinding is re­
quired to liberate the smaller mineral grains. For example, 
Gelb and Pliskin (1979, P 65) postulated that the 34 percent 
decline in ore grade between 1954 and 1972 resulted in at 
least a 50 percent increase in energy consumption.
A second factor contributing to the increase in energy 
requirements is the growth in the mining of harder ores. 
These harder ores are more resistant to grinding and, conse­
quently, require greater amounts of total energy.
The third factor is the rise in the waste-to-ore ratio. 
Table 4 provides the average waste-to-ore ratios and ore 
grades for 1954 to 1979. The shift from underground mining 
to surface operations is partially reflected in both statis­
tics. The following example illustrates the effects of the 
stripping ratio for surface mines. In 1974, one open pit 
mine, with an average ore grade of 0 .7-percent copper, con­
sumed a total of 40 million BTUs per ton of copper; while 
another, with an average ore grade of just 0.55-percent, used 
only 9 million BTUs per ton. In the former case, the strip­
ping ratio was 12 :1 ; while in the latter, it was only 2.5 :1. 
(Battelle, 1975, p 46)
Energy use is also extremely sensitive to capacity util­
ization, increasing dramatically as the amount of idle capac­
ity increases.
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Table 4: Average copper ore grades and waste-to-ore ratios














Sources: Gelb and Pliskin, 1979, P 63; 
Bureau of Mines.
Energy Mix
Historically, the proportion of aggregate energy con­
sumption represented by various forms of energy has changed 
radically. Figure 2 shows this shift in the gross energy use 
by source for the mining and beneficiating sector from 1954 
to 1979.
Electricity has traditionally been the primary final 
form of energy used in underground mining operations and 
milling. The most significant shift has been from the self- 
generation of electricity to the purchase of it, due to ener­
gy waste from inefficient conversion processes. Hence, 
the proportion of purchased electricity rose from 25.3 per­
cent of the total energy consumption in 1954 to nearly 80 
percent in 1979. This reduction in self-generated electri­









































FUEL O IL-y ° *7 %  /—NATURAL GAS
i.6% 4.7'
DIESEL
.1 0 ,3 %
ELECTRICITY
79 .7%
Figure 2: Gross energy use
by source - mining and bene- 
ficiating sector, 1954-79.
Sources:
1954, 1972 Data - Pliskin 
and Gelb, 1979, p 62. 
1963, 1973 Data - Rosen- 
kranz, 1976, p 8.




consumption of coal and natural gas which had traditionally 
been used to generate the required electricity. During the 
same period, the proportion of petroleum fuels has increased 
from 4.5 percent to nearly 15 percent. This increase is pri­
marily accounted for by the shift from underground mining op­
erations to surface, increasing stripping ratios, declining 
ore grades, and increased leaching of low grade oxide ores.
Projections for Changes in the Energy Mix
Gelb and Pliskin (1979, P 79) made a number of projec­
tions regarding potential future energy mix changes. Of pri­
mary concern is the projection calling for only a modest 
shift from self-generated to purchased electricity from 1973 
through 1985. Secondly, they predicted a shortage of natural 
gas which would trigger a significant shift towards coal and 
fuel oils. And lastly, they anticipated some minor techno­
logical changes in mining and milling which would precipitate 
minor changes in the energy mix.
There is merit in comparing the diagrams in Figure 2 
for 1973 and 1979 in light of these projections. As sug­
gested, there has been virtually no change in the relative 
importance of purchased electricity. However, since the pro­
jected natural gas shortage did not materialize, the relative 
importance of natural gas showed no appreciable change. On 
the other hand, heavy fuels did gain in importance at the ex­
pense of diesel fuels.
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As ore grades continue to decrease and waste ratios 
continue to increase, diesel consumption at the mine can be 
expected to Increase. However, this increase may be offset 
by more efficient engines and/or the use of conveyor systems 
which are encouraged by higher fuel costs. However, electri­
city can be expected to continue to be the major source of 
energy in both underground mines and flotation mills. In­
creased requirements will most likely be met by purchased 
electricity, rather than being self-generated.
Since much of the pressure which was being applied In 
the early-70s to shift away from natural gas towards coal 
has subsided, natural gas can be expected to continue to
provide approximately the same portion of the energy mix
that it now does for the short-run. However, in the long-run 
that pressure may resume. If coupled with de-regulation of 
natural gas prices, a shift towards coal or alternate fuels 
may cause natural gas to decline in importance.
In general, the major shifts experienced in the 1950s 
and 1960s will not be repeated. Therefore, several of the
projections made by Gelb and Pliskin seem reasonable.
Smelting and Refining Sector 
The average growth for unit energy consumption in the 
smelting and refining sector has increased at an annual rate 
of 1.0 percent. As with other average growth rates, numerous 
fluctuations are concealed.
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Primary Uses of Energy
Traditionally, in the U.S., most smelting of copper con­
centrates or precipitates is done in a reverberatory furnace. 
Such operations are usually done in three stages - heating 
of the charge (the actual smelting), converting to oxidize 
the sulfur and iron, and acid production and gas cleaning 
to comply with pollution abatement regulations. A fourth 
stage, drying and roasting, is occasionally used to eliminate 
the 8-12 percent moisture content and a portion of the sul­
fur or other volatile impurities from the feed material prior 
to smelting. Typically, when four stages are used, heating 
of the concentrate, fluxes, and furnace air consumes nearly 
two-thirds of the total energy; conversion requires 19 per­
cent; acid production and gas cleaning, an additional 12 
percent; and roasting, the remaining 3 percent.
In fire refining, approximately 77 percent of the energy 
consumed is for heating the "blister” copper; 2 percent, for 
oxidizing the sulfur; 15 percent, for reducing the oxygen; 
4 percent, for casting of the refined anode; and the remain­
ing 2 percent, for gas handling and dust collection. Elec­
tricity accounts for nearly all of the energy consumption in 
electrolytic refining.
Factors Affecting Energy Consumption
The most critical factor impacting energy consumption 
in smelting has been the federal and state environmental
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standards. Numerous studies, of which the one conducted by 
Arthur Little, Inc. in 1977 for the Environmental Protection 
Agency is the most comprehensive, have been conducted to 
determine the impact of these standards on the copper in­
dustry. In each case, they conclude that the air emission 
standards have the greatest negative impact.
One of the effects of the air emission standards has 
been the requirement to drastically reduce the amount of 
sulfur dioxide emitted into the atmosphere. Consequently, 
smelters have been required to build sulfuric acid plants, 
resulting In dramatic increases in the amount of energy con­
sumed. Furthermore, smelters must temporarily curtail oper­
ations when adverse weather conditions cause violations of 
the ambient air standards. Such shutdowns radically increase 
per unit energy requirements while fuel is consumed to main­
tain furnaces and converters at operating temperatures or to 
reheat them after startup (Gelb and Pliskin, 1979, P 72).
Due to the high energy consumption during the smelting 
stage and the difficulties in meeting the air pollution 
regulations, technological developments in the smelting in­
dustry represent the greatest potential for energy conserva­
tion. A number of alternate processes for smelting are known 
and considerable effort has been made to study the energy 
consumption of each process. Table 5 summarizes the "theo­
retical" energy consumption for several pyrometallurgical
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Table 5: Energy consumption for alternative smelting pro­
cesses in BTUs per pound of anode copper.
Process Energy Consumption
Wet charge reverberatory smelting 9,232
Hot-calcine charge reverberatory
smelting 7,793
Electric smelting of dry concentrate 12,144
Outokumpu flash smelting with low
oxygen enrichment 7,716
Outokumpu flash smelting with high
oxygen enrichment 6,127
Inco oxygen flash smelting 4,972
Mitsubishi continuous smelting 6,977
Noranda continuous process, blister
with no oxygen 10,576
Noranda continuous process, matte
with oxygen 6,139
Source: Kellogg and Henderson, 1976, p 397-409.
processes studied by Kellogg and Henderson (1976, p 373-415). 
The figures were calculated on the basis of a uniform con­
centrate and uniform set of conditions and, though both 
approximate those in operating smelters, cannot be compared 
directly with any individual smelter. Rather, the numbers 
are useful for comparison of potential energy savings arising 
from some of the alternate processes. The first two entries 
in the table are representative of the processes commonly 
employed in the United States. A summary of the other pro­
cesses is presented in Appendix F.
Energy use, particularly in smelting, is very sensitive 
to capacity utilization. When operating at full capacity
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unit energy consumption is minimized and it increases very 
significantly with idle capacity. This effect is very graph­
ically illustrated by the frequent shutdowns resulting from 
air quality violations.
Energy Mix
Historically, the smelting and refining sector has expe­
rienced much more modest energy mix shifts than the mining 
and benef iciating sector. This shift, for the period 1954 to 
1979, is portrayed in Figure 3.
As with the mining and beneficiating sector, there was 
a shifting away from self-generated electricity through 1973, 
resulting in an increase in the relative importance of pur­
chased electricity. The use of fuel oil and coal gave way 
to natural gas through the early-70s, however as shown in the 
1979 diagram, coal has begun to significantly rebound at the 
expense of natural gas.
Projections for Energy Mix Changes
Uncertainties in the outlook for potential process 
changes in the smelting industry, in response to the environ­
mental regulations, make it nearly impossible to make mean­
ingful long-term projections concerning shifts in the energy 
mix. However, in light of the historical pattern to expand 
smelter capacity by incremental expansion of existing facil­
ities rather than to build new ones (called greenfield
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1954,’l971 Data - Pliskin and Gelb, 1979, P 62. 
1973 Data - Rosenkranz, 1976, p 12, 14.
1979 Data - Industry Canvass.
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smelters), coupled with the ability of most processes to use 
any fuel, means that short-run projections may be possible. 
The shift towards increased use of natural gas may continue 
since the expected shortage did not materialize. However, 
should the political pressures to convert to coal wherever 
possible continue, which is very likely, the expanded use of 
coal reflected in the 1979 data could radically change the 
mix. Such a change represents the greatest potential for 
shift even if new smelting technology is adopted. Electri­
city and diesel should continue to provide the same relative 
portion of the energy consumption.
Summary
This chapter has presented the average 1979 energy con­
sumption data for each production and processing stage of 
the domestic primary copper industry, compiled from the re­
sults of an industrial survey. These results were compared 
to historical data from 195  ̂ to 1978 and it was shown that 
total consumption has increased at an average compound annual 
growth rate of 1.1 percent. Although intense conservation 
efforts on the part of the producers were able to decrease 
average unit consumption during 1977 and 1978, the 1979 data 
indicate that the trend of increasing energy consumption may 
have resumed. This increase is most likely due to the con­
tinually decreasing ore grades, increasing waste-to-ore
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ratios and ore body depths, and increasing pollution abate­
ment requirements.
Energy consumption in the copper ores and smelting and 
refining sectors was also discussed in detail showing the 
primary uses of energy, the factors affecting energy con­
sumption, the energy mix, and potential shifts in the energy 
mix. Currently, electricity dominates the energy scene for 
the copper ores sector - providing nearly 80 percent of the 
total energy needs. It is followed in importance by diesel, 
natural gas, and heavy fuels. It is the opinion of this 
thesis that in the future, diesel and electricity can be 
expected to provide the bulk of the energy for mining; while 
electricity will provide approximately 90 percent of the 
energy requirements for milling. For smelting and refining, 
natural gas now accounts for nearly 55 percent of the total 
energy requirements, followed by coal, diesel, and electri­
city. It is also the opinion of this thesis that coal can be 
expected to continue to displace natural gas as the dominant 
source of energy for the future in the smelting and refining 
sector. Despite this erosion, however, natural gas can be 
expected to continue to provide a significant portion of 
the short-run needs.
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CHAPTER 3 ~ ENERGY COSTS IN THE DOMESTIC 
PRIMARY COPPER
On a unit volume basis, copper holds the dubious dis­
tinction of being the most energy intensive of the primary 
metals (Kellogg, 1973, P 37*0- Hence, the potential effect 
that further increases in energy costs will have on the 
availability of domestic copper is vitally important. This 
is true for not only the producers, but for the welfare of 
the nation as well.
As indicated previously, there are two distinct elements 
associated with this effect - one direct and the other, in­
direct. The former is precipitated by the escalation of 
individual energy prices, while the latter originates from 
the increased energy requirements to extract and refine each 
pound of copper.
The preceding chapter investigated energy consumption, 
while this chapter will evaluate the direct cost of energy 
and then combine both elements into one scenario.
Two pieces of information were required to accomplish 
this purpose and they were both included in the canvass of 
the producers. In conjunction with the energy consumption 
data, the delivered price of the energy was requested. Thus 
it was possible to calculate the average 1979 energy costs 
for each stage of production. These results are presented
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Table 6: Average energy cost per pound of refined copper
and portion of total operating costs represented by energy, 



























Based on approximately 82 percent of copper production in 
1979 from surface mines.
2* Based on approximately 10 percent of copper production 
from leach operations.
in Table 6 . The second piece of information, also shown in 
the same table, was the contribution of energy costs to the 
total operating costs (opcosts).
Source of Engineering and Cost Data 
Seventy-three properties are included in the analysis, 
the 31 which operated during 1979 and an additional 42 which 
have been identified by the Bureau of Mines and copper pro­
ducers as potential sources, given the proper economic envi­
ronment. The engineering and economic data required to
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perform the analysis, as well as the economic analysis 
routines, were supplied by the Minerals Availability Field 
Office, Bureau of Mines. It is assumed in this study that 
the non-producing properties would be affected by rising 
energy costs in the same manner as producing properties. 
Consequently, the results of the industry canvass have been 
used to approximate the consumption and costs of all pro­
perties considered in the evaluation.
Description of the Cases Considered 
Three cases have been included in the analysis. The 
Base Case uses the Bureau of Mines data directly, expressed 
in terms of average 1979 dollars, to derive the 1979 resource 
availability curve for copper. The remaining cases analyze 
the sensitivity of the results to changes in energy costs. 
In the second case, the operating costs are adjusted to re­
move the escalation in energy costs between 1973 and 1979 and 
in the last, the operating costs are adjusted to include the 
projected escalation of energy costs between the present and 
1990. All cases are evaluated at a minimum rate of return 
(DCFROR) of 15 percent. Since actual energy costs per pound 
of refined copper in 1973 were available for each stage of 
production, it was selected as the lower value. Furthermore, 
these costs essentially represent those prior to the Arab oil 
embargo. Prior to the embargo, contracts for the supply of 
fuels were generally long-term and frequently did not tie
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the delivery price to the prevailing market price. Present 
contracts, on the otherhand, tend to be for shorter time 
periods and generally tie prices to the market price.
Barring no revolutionary change in technology, current 
practices can be expected to remain essentially static during 
the coming decade, particularly when considered in light of 
the historical trends of expansion in the smelting and re­
fining sector. Thus 1990 was selected as the upper bound. 
In the longer run, however, technology can adjust to energy 
and other cost considerations.
1973 Case
Rosenkranz (1976, p 3) reported the average cost of 
energy in producing a pound of refined copper to be 4.83 
cents, distributed among the stages of production as shown 
in Table 7. These results are combined in equation 1 with 
the results from Table 6 to calculate the operating cost 
adjustment factor (OAF):
1973 Cost _(1) 0AF=1-[(1- 37979 Co"st)(Portion of Opcost for Energy)].
The appropriate OAF, listed in Table 8, was applied to each 
operating cost before the economic evaluation was performed. 
For example, an OAF of 0.864 was applied to the surface min­
ing operating costs.
Since the results of the analysis of the 1973 Case are 
directly dependent on the value of the 1979 energy costs, a
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Table 7: Average energy cost for production of copper in



























• If leach opcosts include cost of 
electrowinning, the OAF = 0.811.
sensitivity analysis was made to determine the effect on the 
case for changes in the 1979 costs. Accordingly, the 1979
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Table 9: Operating Cost Adjustment Factors (OAF) for
sensitivity analysis on 1979 energy costs.
Activity
Adjustment of 1979 Energy Costs






Leach and Precipitation^ 0.984 0.980
Smelting 0.697 0.661
Refining 0.802 0.762
1• If leach operating costs include cost of electrowinning, 
the OAF for the 20 percent increase and decrease in 1979 
energy costs are 0.838 and 0 .792, respectively.
energy costs were increased and decreased by 20 percent. 
The new OAF (see Table 9) was calculated for each activity, 
the corresponding operating cost adjusted, and the economic 
evaluation performed.
1990 Case
The 1990 projected energy costs are based on estimates 
from the Midterm Energy Market Model (MEMM) developed by the 
Department of Energy. MEMM is a general equilibrium model 
designed to produce equilibrium quantities and prices from 
a supply and demand analysis. The model is described in 
detail in the DOE Analysis Report entitled, "Energy Supply 
and Demand in the Midterm: 1985, 1990, and 1995" (1979,
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203 p) . The report describes five scenarios and the data 
used in this analysis are based on the ’’most expected" 
scenario.
The report addresses several issues of importance to 
this analysis. First, it reports that gross energy consump­
tion within the industrial sector, which includes mining 
and processing of ores, expanded at an annual rate of 2.8 
percent from 1962 to 1972 (pre-embargo) and fell at a 0.4- 
percent annual rate between 1972 and 1977. The decline was 
felt to be primarily a result of "housekeeping" conservation 
efforts and hence, could not be expected to last without sub­
stantial investment in technology or process changes. Hence, 
the report projected that gross consumption in the next de­
cade would grow at a 3.1 percent annual rate.
Secondly, the model produced projected annual compound 
growth rates for fuel prices in the various sectors. Table 
10 presents the historical and projected growth rates for 
the industrial sector, in real terms, from 1962 to 1990.
In order to convert the real growth rates into a form 
compatible with the Base Case and 1973 Case, assumptions 
concerning production in 1990, unit energy consumption, 
energy mix, and inflation were required. Consequently, three 
energy consumption scenarios were developed and a sensitivity 
analysis on the assumed inflation rate was performed. The 
projected 1990 production, based on an estimated annual
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Electricity -1.0 5.5 1.9
Distillate -0.3 10.2 1.5
Residual Fuels 0.2 15.1 2.6
Coal -0.2 7.3 1.5
Natural Gas 0.3 14.9 6 .0
Source: Department of Energy, 1979, P 77.
growth rate of 2.9 percent (Schroeder, 1979, p 16), was 
assumed to be 2,622,000 short tons of recoverable copper. 
The assumed energy mix for each stage of production is shown 
in Figure 4. Table 11 shows the escalated growth rates for 
the fuel prices at inflation rates of 8, 10, and 12 percent.
Table 11: Escalated annual growth rates for fuel prices in
the industrial sector for different inflation rates (1977— 
1990) .
Inflation Rate Percentage-^- 
Fuel Type 8 10 12
Electricity 10.1 12.1 14.1
Distillate 9.6 11.7 13.7
Residual Fuels 10.8 12.9 14.9
Coal 9.6 11.7 13.7
Natural Gas 14.5 16.6 18.7
Equation for calculating the growth rate: 
i = (1 + i ?)(l + f) - 1, where if = real 
growth rate and f = inflation, both expressed 
as decimals.
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Figure 4: Projected 1990 gross energy use by source for each

























The scenarios are based on different consumption levels 
for each stage of production. Scenario 1 is based on the 
consumption per pound of refined copper remaining at 1979 
levels. Hence, minor technology changes at the mining and 
milling levels are expected to offset increased requirements 
arising from decreasing ore grades and increasing waste-to- 
ore ratios. Further, it assumes that no major technology 
changes in smelting or refining are adopted. The second sce­
nario, adapted from projections of Gelb and Pliskin (1979, p 
79-82), assumes that consumption in mining and milling will 
increase at 3 percent annually due to decreasing ore grades 
and increasing waste-to-ore ratios. It further assumes that 
consumption for smelting and refining will decrease at 2 per­
cent per year due to the adoption of oxygen enriched flash or 
continuous smelting processes, with the widespread use of 
roasting in the remaining reverberatory furnaces. The last 
scenario is based on the assumption that the historic trend 
of a 1 percent annual growth rate in consumption will be 
maintained. The projected energy costs and operating cost 
adjustment factors for each scenario are given in Table 12.
The assumed inflation rate can be expected to have the 
greatest impact on the results, consequently a sensitivity 
analysis on Scenario 1 was conducted assuming a two percent­
age point increase and decrease from the base 10 percent 
inflation rate assumption. Table 13 presents the energy 
costs and operating cost adjustment factors.
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Table 12: Projected 1990 energy costs for copper production
(in dollars per pound) and operating cost adjustment factors 
for different consumption scenarios. Inflation rate = 10
percent.






Mining $.1428 1.47 $ .1918 1.69 $.1578 1.53
Beneficiating .2016 1.58 .2711 1.88 .2229 1.67
Smelting .1435 2.00 .1171 1.74 .1587 2.15
Refining .0465 1.39 .0377 1.26 .0513 1.46
Total $.5344 $.6177 $.5907
I 1990 Cost
OAF = 1 — [(1— Y979— Cost ̂ ^Portion of Opcost for Energy)].
Table 13: Projected 1990 energy costs for copper production
(in dollars per pound) and operating cost adjustment factors 
for scenario 1 at different inflation rates.
8% Inflation 10% Inflation 12% Inflation 
Activity Cost OAF1 Cost OAF1 Cost OAF1
Mining $ .1141 1.34 $.1428 1.47 $ .1766 1.62
Beneficiating .1624 1.41 .2016 1.58 .2493 1.79
Smelting .1188 1.75 .1435 2.00 .1837 2.39
Refining .0385 1.27 .0465 1.39 .0595 1.59
Total $.4338 $ .5344 $ .6691
1 1990 Cost
* OAF = 1-[(1- 2979— Cost") ̂ Portion of Opcost for Energy)].
Summary
This chapter showed that the average 1979 energy cost 
per pound of refined copper was 16.947 cents and that energy 
represented 10 percent of the total operating costs for
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underground mining; 17 percent, for surface mining; 3 per­
cent, for leaching and precipitating; 30 percent, for mill­
ing; 41 percent, for smelting; and 32 percent, for refining. 
The three cases used in the study - 1973 Case, Base Case, and 
1990 Case - were described. The Base Case utilizes the 1979 
capital and operating costs and production information from 
the data of the Bureau of Mines. In the 1973 Case, the oper­
ating costs were adjusted to remove the actual escalation of 
energy prices between 1973 and 1979; while in the 1990 Case, 
the operating costs were adjusted to include the projected 
escalation in energy prices between 1979 and 1990. Hence, 
an operating cost adjustment factor (OAF) was calculated for 
each stage of production and processing. This factor was 
then applied to the corresponding operating cost and the 
economic evaluations performed.
Several sensitivity analyses were also discussed. The 
results of the 1973 Case depend on the magnitude of the 1979 
energy costs. Consequently, the 1979 costs were increased 
and decreased by 20 percent. The 1990 Case is sensitive to 
unit energy consumption and inflation; therefore, three sce­
narios were developed, based on different consumption levels. 
For Scenario 1, the assumed inflation rate was changed from 
10 percent to 8 and 12 percent, respectively. In each case, 
a new OAF was calculated, the corresponding operating cost 
adjusted, and the economic evaluation performed.
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CHAPTER 4 - EFFECTS OF ENERGY COSTS ON 
DOMESTIC PRIMARY COPPER PRODUCTION
As indicated in the introduction, the stated purpose of 
this thesis was to study the effects of rising energy costs 
on the availability of domestic primary copper. The preced­
ing two chapters have developed the data necessary to produce 
such a study and the intent of this chapter is to present the 
results of the economic analyses. The results will be pre­
sented in two forms. The first form is a total resource 
availability curve (TRAC) and the second, is a table of sup­
ply prices for selected properties, although for confidential 
reasons the names can not be given. The TRAC provides an 
excellent visual aid, showing immediately the relative shifts 
brought about by changes in the energy costs, however, to 
quantify the sensitivity of supply prices to changes in en­
ergy costs it is best to look at the changes in the supply 
price for individual properties. In each case considered, 
it will become evident that the sensitivity differs with dif­
ferent types of mining operations, stemming from the differ­
ent proportions of the energy contribution to the operating 
costs. For example, referring to Table 6, energy costs ac­
count for 10 percent of underground operating costs, and 17 
and 3 percent for surface and leach operations, respectively.
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Before preceding with a presentation of the results, a 
brief discussion of the meaning of a TRAC is provided.
Description of Resource Availability Curve 
The total resource availability curve (TRAC) shows the 
amount of recoverable metal from each deposit at the depos­
it's corresponding "supply price". As was noted earlier, 
this supply price represents that price necessary to generate 
sufficient revenues to cover all production costs, including 
a rate of return on invested capital. This price is deter­
mined by equating total costs to total revenues, discounted 
at the appropriate after-tax rate of return (minimum DCPROR). 
It must be pointed out that the supply price does not corres­
pond to the market price since it is established by cost of 
production rather than by the interaction of supply and de­
mand in the marketplace. The total quantity of recoverable 
metal from each deposit is obtained by summing the production 
over the life of the deposit and the total curve is generated 
by the horizontal summation of each deposit. Since all de­
posits are not depleted in the same time period, no unit of 
time may be given to the TRAC. Hence, the curve does not 
represent a supply curve. However, the problems arising 
from summing over time can be eliminated. Therefore, it 
is believed that the curve can be be made to approximate a 
supply curve (Bykowsky, 1980).
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This does not mean that the curve as it currently exists 
has no utility. On the contrary, it does identify total 
known resources, given current levels of technology, which 
may be potentially available under the proper economic envi­
ronment. Therefore, the curve may be used to study the im­
pact of various engineering and cost factors on the supply 
price for a given deposit. It is this characteristic of the 
TRAC which is being utilized in this study. Thus, the magni­
tude of the shifts in the curve, stemming from changes in the 
supply price, reflect the sensitivity to changes in the 
energy costs since all other factors are held constant.
In a gross sense, the prices shown on the curve can be 
compared to the market price. Those deposits with supply 
prices considerably below the prevailing market price are 
generally those currently producing, while those with prices 
far in excess of the market price can generally be considered 
unsatisfactory at the present time. In the general area of 
the market price, other factors become relatively more criti­
cal when evaluating the profitability of the deposit. Speci­
fically, price expectations, lag times, environmental con­
straints, and demand must be explicitly considered. Thus, if 
a deposit shows a long-run supply price below the prevailing 
market price, yet is not currently being produced nor is in 
the development phase, it can generally be concluded that 
other factors are overriding the economics. Conversely, a
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deposit showing a long-run price above the market price yet 
which is in production, may be so as a result of expectations 
that the prevailing market price will increase.
Results of the Analysis
Base Case
The TRAC for the base case is shown in Figure 5. The 
evaluation revealed that 70.5 million metric tons of refined 
copper are potentially recoverable from the 73 properties 
at supply prices, which include a 15 percent DCFROR, ranging 
to $3.93 per pound of copper.
1973 Case
After eliminating the nearly 351 percent increase in 
energy costs from 1973 to 1979* the TRAC shifts downward as 
shown in Figure 6. This downward shift indicates that a low­
er supply price would be required for each deposit due to the 
overall reduction in operating costs. Specifically, in order 
to recover the same 70.5 million metric tons of copper, the 
maximum supply price dropped to $3.40 per pound. Thus, it 
can be concluded, ceteris paribus, that the availability of 
copper would have been enhanced had energy costs not esca­
lated so severely.
In this case, the position of the curve depends on the 
magnitude of the 1979 energy costs. Consequently, a sensi- 
itivity analysis was performed to determine the effect on
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Figure 6: Total resource availability curve for 1973 Case.
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the adjusted curve from changes in the 1979 energy costs. 
Initially the costs were adjusted by + 10 percent, but such 
an adjustment failed to cause a noticeable shift in the 
position of the curve. Therefore, the costs were altered by 
+ 20 percent. Such an alteration produced the two curves in 
Figure 7. In order to magnify the shift, only that portion 
of the curves from 0 to $1.00 is shown. In both cases, the 
shifts are relatively minor. Use of the curves alone does 
not readily lend itself to a numerical analysis, rather it 
is advantageous to look at the changes in the supply price 
of individual deposits. Table 14 provides a representative 
sample of properties over the entire price range. By in­
creasing the 1979 energy costs, the disparity between the 
1973 costs and 1979 costs increased causing the 1973 adjusted
Table 14: Sensitivity of the supply price for selected de­
posits to changes in the 1979 energy costs, 1973 case. Prices 
are expressed in dollars per pound of recovered copper.
1979 Costs 1979 Costs
Mine 1973 Case Increased Percent Decreased Percent
20% Change 20% Change
1 $0.21 $0.20 -4.8 $0.22 +4.8
2 0.36 0.36 0.0 0.38 +5.3
3 0.39 0.37 -5.1 0.41 +5.1
4 0.75 0.73 -2.7 0.76 + 1.3
5 1.17 1.15 -1.7 1.18 +0.9
6 1.43 1.40 -2.1 1.46 + 2.1
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Figure 7: Total resource availability curves reflecting
sensitivity of 1973 Case to changes in 1979 energy costs.
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supply price to decrease. Conversely, a decrease in the 1979 
energy costs resulted in an increase in the 1973 adjusted 
supply price.
In general terms, the adjustments in the 1979 energy 
costs resulted in an across the board one or two cent differ­
ence in the calculated supply price. Therefore, when ex­
pressed as a percentage, the economically "better" deposits - 
that is, those deposits with lower supply prices - appear to 
be more sensitive to the changes.
1990 Case
The 1990 Case was evaluated in three consumption sce­
narios. In Scenario 1, the energy consumption per pound of 
refined copper was assumed to remain at 1979 levels. The 
resource availability curve under that assumption and, with 
energy costs per pound of copper projected to increase 315 
percent, is given in Figure 8. Scenario 2 assumed that unit 
consumption in the copper ores industry would increase 3 
percent per annum and would decrease in the smelting and 
refining sector by 2 percent per year. Figure 9 presents 
the TRAC for that assumption and the corresponding 364 per­
cent increase in energy costs. In Scenario 3, it was assumed 
that unit consumption would grow at a rate of 1 percent per 
year and, therefore, energy costs were projected to increase 
349 percent. The curve under that assumption is given as
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Figure 10: Total resource availability curve for 1990 Case -
Scenario 3.
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Table 15: Supply prices for selected properties under the
assumptions of the three unit energy consumption scenarios. 
Prices are expressed in dollars per pound of refined copper.
Mine Type of Operation Scenario 1 Scenario 2 Scenario 3
1 Leach $0.63 $0.73 $0.66
2 Open Pit 0.79 0.83 0.85
3 Open Pit 1.28 1.50 1.39
4 Underground 1.41 1.47 1.49
5 Open Pit 1.56 1.67 1.65
6 Underground 1.69 1.71 1.75
7 Leach 1.69 1.80 1.77
8 Open Pit 2.97 3.16 3.15
9 Underground 6.05 6 .67 6 .36
Figure 10. Table 15 presents a representative sample of pro­
perties to show the effect on the individual supply prices.
To recover the same 70.5 million metric tons of copper, 
while providing a 15 percent DCFROR, under Scenario 1, the 
supply price ranged to a high of $6.95 per pound; under Sce­
nario 2, to $7.55; and under Scenario 3, to $7.66.
The assumed inflation rate is the factor in the analysis 
which causes the greatest difference in the supply prices. 
Figure 11 shows the effects of different inflation rate as­
sumptions on the position of the Scenario 1, 1990 adjusted 
curve. The sensitivity analysis on changes in the inflation 
rate was performed on Scenario 1 only, as the changes on the 
other two scenarios would be of a similar magnitude. Using 
the same properties as before, the effect of the inflation 
rate on the supply prices is presented in Table 16.
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Figure 11: Total resource availability curves reflecting
sensitivity of 1990 Case to changes in the inflation rate.
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Table 16: Sensitivity of the supply price of selected pro­
perties for Scenario 1 to changes in the inflation rate. 
Prices are expressed in dollars per pound of refined copper.








1 Leach $0.57 10.5 $0.63 11.1 $0.70
2 Open Pit 0.67 17.9 0.79 20.3 0.95
3 Open Pit 1.09 17.4 1.28 19.5 1.53
4 Underground 1.27 11.0 1.41 13.5 1.60
5 Open Pit 1.39 12.2 1.56 14 .1 1.78
6 Underground 1.58 7.0 1.69 8.9 1.84
7 Leach 1.53 10.5 1.69 12.4 1.90
8 Open Pit 2.65 12.1 2.97 14.8 3.41
9 Underground 5.46 10.8 6.05 12.7 6.82
As is evident from the data in Table 16, the supply
prices for surface mines are most sensitive to changes in the 
inflation rate - varying between 12 and 20 percent for a 2 
percent change in the inflation rate. Underground mines and 
leach operations tend to be about equally sensitive, changing 
from 11 to 13 percent for the same 2 percent change in the 
inflation rate. The data tend to indicate that the sensi­
tivity to changes in the inflation rate is not linear. This 
is because the increases in the prices are consistently 
higher when changing from a 10 to 12 percent inflation rate 
than the corresponding changes between 8 and 10 percent.
Cases Combined
Figure 12 combines the resource availability curves for 




oo o8 oo oo s o







cu~cs O  o
^  r-T.> - 0 5  
<  <c
■—' CJ 10 Pi ^
o  co
hJco o  —1 H K O  
CO Q  O O  O  E- o
> - o ®a w ^ 1
§ o °  ^  j=; <c
C ^ Q l *






E-l? o  ̂p K  fc.W 
£- Ohp£3 O
%
Figure 12: Combined total resource availability curves for
Base Case, 1973 Case, and Scenario 1 of 1990 Case.
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Table 17: Effect of rising energy costs on the supply price
of selected properties.










1 Leach $0.36 19.4 $0.43 46.5 $0.63
2 Open Pit 0.21 66.7 0.35 125.7 0.79
3 Open Pit 0.39 56.4 0.61 109.8 1.28
4 Underground 0.76 17.1 0.89 58 .4 1.41
5 Open Pit 0.75 26.7 0.95 64.2 1.56
6 Underground 1.17 10.3 1.29 31.0 1.69
7 Leach 0.99 13.1 1.12 50.9 1.69
8 Open Pit 1.43 27.3 1.82 63.2 2.97
9 Underground 3.40 15.6 3.93 53.9 6.05
the same diagram. Table 17 presents the supply prices for 
the selected properties for each case, as well as, the per­
centage change between the Base Case and the other two.
As before, the surface mines show the greatest change 
in supply price as a result of the increased energy costs. 
Furthermore, the economically "better" properties appear to 
be more sensitive than the properties requiring a higher 
supply price.
Discussion of the Results 
The curves for the 1973 Case and 1990 Case are not in­
tended to reflect actual conditions in the copper industry 
at those two points in time, rather they are intended to show 
the impact of energy cost changes on the availability of cop­
per, through a shift in the respective supply prices. Thus 
in a ceteris paribus analysis, escalation of all other costs,
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to include those products where cost increases were actually 
precipitated by increased energy costs ("ripple effect"), is 
excluded. Inclusion of such ripple effects would magnify 
the changes shown in this study, but since it would be very 
difficult to estimate the magnitude of the effects they are 
ignored. Actual dates were selected, rather than simply ar­
bitrarily adjusting the energy costs by a specified percent­
age, in an effort to tie the analysis to other studies pro­
jecting energy costs or consumption. In this manner, it is 
hoped that a more "realistic" picture has been shown.
The ranges in the supply price to recover the total 
identified reserve of 70.5 million metric tons of copper were 
noted previously, however it is not sufficient to look merely 
at the maximum values. It seems reasonable to assume that 
the copper price will not escalate In the next few years to 
the levels of the maximum values. Consequently, it becomes 
necessary to look at the change in the amount of recoverable 
copper at or near the market price. Therefore, for illustra­
tive purposes only, the results of the analysis will be dis­
cussed in light of an assumed producers price for copper of 
95 cents per pound. Assuming this price can be used as a 
watershed on the TRAC, meaning that all properties below 95 
cents will produce and those above it will not (an assumption 
which for reasons explained earlier is not entirely valid, 
but which allows a discussion of quantities of available
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copper) then 36.7 million metric tons of copper would be 
available under the Base Case. This amount increases to 47.0 
million metric tons under the assumptions of the 1973 Case 
and decreases to 10.9 million metric tons for the 1990 Case. 
Under these assumptions, therefore, the long-run market price 
would have to increase to approximately $1.50 per pound for 
copper (expressed in average 1979 dollars) to maintain the 
same total recoverable copper, while just covering the pro­
jected energy cost increases until 1990. Obviously, the 
price would have to escalate even more to cover all other 
cost increases.
The above discussion is not intended to serve as a fore­
cast for the price of copper as that is well beyond the scope 
of this paper, but it is presented simply to provide numbers 
for comparison purposes. And, it does reveal that copper 
availability is quite sensitive to changes in the cost of 
energy.
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CHAPTER 5 ~ CONCLUSIONS AND RECOMMENDATIONS
The purpose of this thesis was to demonstrate the ef­
fects of rising energy costs on the availability of primary 
copper from domestic sources. It was shown that rising costs 
stem from two factors - the direct escalation of energy 
prices per BTU and the indirect increase, caused by greater 
amounts of energy required to recover each pound of copper.
Initially, it was shown that unit energy consumption 
was 55,030 BTUs. This represented an increase of nearly 24 
percent over the 1978 level, but only a 1.1 percent compound­
ed growth rate for the period from 1954 to 1979* The con­
sumption in 1978 was minimized due to increased capacity 
utilization and housekeeping conservation efforts. In 1979, 
the capacity utilization at the mining level continued to 
improve slightly, however, the energy benefits were offset by 
a 4 percent decline in the ore grade and a continued increase 
in the waste-to-ore ratio. Furthermore, 1979 saw numerous 
temporary smelter shutdowns due to violations of air quality 
standards (Jolly, 1980). Additionally, the decreases ex­
perienced in 1977 and 1978 were not expected to continue 
unless substantial investments were made in process changes, 
a development which has not occurred. It is not possible 
with a single year of data, however, to conclude that unit
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energy consumption has begun to increase again. In order to 
establish such a conclusion, it would be necessary to con­
tinue to monitor energy use, as the data reported in this 
study may represent nothing more than a temporary aberration.
The confidence in the unit consumption, as well as, the 
cost data would have been increased had there been a better 
response to the industrial canvass. This is particularly 
true of the smelting and refining stages.
The study also demonstrated that the average cost of 
energy in 1979 was 16.95 cents per pound of refined copper, 
which represents a 351 percent increase over 1973. Further­
more, energy costs are projected to increase by roughly the 
same amount between 1979 and 1990. The industrial canvass 
also revealed that energy costs account for 10 percent of 
total operating costs for underground mining; 17 percent, for 
surface mines; 3 percent, for leaching and precipitation; 30 
percent for, froth flotation milling; 41 percent, for smelt­
ing; and 32 percent, for refining. Hence, primary copper 
originating from surface mines is most sensitive to changes 
in energy costs.
The analysis was based on three cases. In the Base 
Case, the data of the Bureau of Mines were used to generate 
a 1979 total resource availability curve (TRAC). In the 1973 
Case, the 351 percent escalation in energy costs between 1973 
and 1979 was stripped out of the operating costs and a second
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TRAC was developed. The 1990 Case added the projected 315 
percent Increase in the cost of energy (Scenario 1) to the 
operating costs. In each case, all other costs were held 
constant and a 15 percent DCFROR was required. Further, in 
each case, the 73 properties analyzed had a cumulative re­
serve of 70.5 million metric tons of copper. In the Base 
Case, the maximum supply price was $3.93 per pound of copper. 
This dropped to $3.40 in the 1973 Case and increased to $6.95 
for the 1990 Case. More importantly however, assuming a pro­
ducers price of 95 cents per pound of copper and for illus­
trative purposes further assuming it can be used as a water­
shed price on the TRAC, the potentially available copper pro­
gressively declined from 47.0 million metric tons in the 1973 
Case to 36.7 million metric tons in the Base Case to 10.9 
million metric tons for the 1990 Case. For the 1990 Case, it 
was further shown that the supply price is very sensitive to 
inflation. A look at individual property supply prices also 
shows that the economically "better” properties, that is, 
those requiring a lower supply price, are more sensitive than 
the properties requiring the higher supply prices.
The following recommendations for further work are also 
made. Most importantly, steps to guarantee a better response 
rate to the questionnaire would be necessary. The consump­
tion data could be refined to account for the energy equiva­
lent of the reagents consumed in the ore processing, and the
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oils or lubricants used in the maintenance of the equipment. 
However, such refinements should not be made at the expense 
of response rate. Further, to determine the full impact on 
the supply of copper to changes in energy prices, it would 
be adviseable to estimate the effect of such changes on the 
equipment and supply costs.
Secondly, the necessary modifications to convert the 
TRAC into a better estimate of a supply curve should be made. 
Once a domestic supply curve for primary copper is estimated, 
it should be combined with the projected supply from secon­
dary recovery and foreign sources. This total supply curve 
could then be analyzed in conjunction with a demand curve, 
to provide general equilibrium prices and quantities. Then, 
the supply curve could be analyzed to determine the sensi­
tivity of supply to changes in such things as energy costs. 
Furthermore, a more rigorous analysis of the curve could be 
performed, for example, to determine the elasticity of supply 
to technology changes or substitution.
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APPENDIX A
STRUCTURE AND TECHNOLOGY OF THE COPPER INDUSTRY
General Background 
The United States continues to be the world's leading 
producer and consumer of copper, accounting for nearly 20 
percent of the total world refined copper production, con­
sumption, and reserves. With the exception of selected peri­
ods, coinciding with military buildups or accelerated econo­
mic growth, the United States has been nearly self-sufficient 
in copper (Little, 1978, p 1-19). Nonetheless in 1979, 13 
percent of U.S. consumption was imported - primarily from 
Canada, Chile, Zambia, and Peru (Mineral Commodity Summaries, 
1980, p 4).
Total world mine production in 1979 declined by nearly 
1.5 percent, to an estimated 7.38 million metric tons of 
contained copper. However, the United States increased its 
output to approximately 1.45 million metric tons, as a result 
of the development of the Carr Fork deposit and the reopening 
of several mines which had closed in 1975. This represented 
a 5 percent increase over the production of 1978. Following 
the U.S., the next five principle producing countries in 1979 
were Chile, the Soviet Union, Canada, Zambia, and Zaire 
(Mineral Commodity Summaries, 1980, p 42-43).
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The supply of copper is generally characterized by long 
adjustment periods. Typically, investments are very large, 
have long life-expectancy, and are perceived to be highly 
risky due to the volatility of copper prices. As a result 
of the cyclical nature of the industry, the threat of long- 
run substitution from other materials, and competition from 
secondary and foreign sources, for example, investments are 
made on the basis of an expected long-run target rate of 
return. This rate of return defines the property ’’supply 
price’’ - that price necessary to generate sufficient revenues 
to cover full costs, including a return on investment ade­
quate enough to attract new capital.
The domestic industry has experienced sharp increases in 
production costs in recent decades due to the combination of 
numerous factors, typically, declining ore grades, stagnant 
productivity, steep rises in energy and other input factor 
costs, and pollution abatement costs. It is generally ac­
cepted that mining and benefdelating costs represent the 
greatest proportion of production costs of refined copper. 
Smelters and refineries have traditionally served in a "ser­
vice” capacity, operating on relatively fixed and low profit 
margins .
Demand for refined copper, like most minerals, is a 
derived demand in that it is used as an intermediate factor 
of production of final goods which are ultimately demanded
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for consumption (Little, 1978, p 1-25). In 1979 for example, 
70 percent of refined copper was demanded by wire mills and 
28 percent, by brass mills. End use was estimated to be 50 
percent in electrical applications, 18 percent for construc­
tion, 9 percent in the manufacture of industrial machinery, 
9 percent in transportation, and the remainder in miscella­
neous industries (Mineral Commodity Summaries, 1980, p 42).
Demand in the short-run is generally believed to be 
quite inelastic, both with respect to price and activity var­
iables. In the long-run, demand becomes relatively more 
elastic - being susceptible to substitution. Aluminum is 
copper's greatest competitor, particularly in electrical 
uses; although, steel, plastics, and glass also present com­
petition in selected applications.
Historically, the price of copper has been based on a 
number of pricing systems. However, two basic systems have 
survived - the domestic producer price and a price based on 
quotations of the several metal exchanges. Producer prices 
are established independently, though generally quite uni­
formly, by the major producers. In the postwar period, ap­
proximately 75 percent of domestic refined copper has been 
marketed at the domestic producer price. The price of inter­
nationally traded copper is generally established by the 
London Metal Exchange (LME), based on response to changes in 
supply and demand considerations. Generally speaking, the
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metal exchanges are hedge or speculative markets. In the 
United States, the label "outside market” is applied to trade 
in copper at any price other than the producer price.
The volatility in copper prices can be traced, in gen­
eral terms at any rate, to wide swings in demand over the 
business cycle of developed countries, coupled with very 
short-run speculative activity on the metal exchanges. In 
general, domestic producers have not altered their prices 
as rapidly nor matched the magnitude of changes in the LME 
price. Consequently, in periods of strong demand, the pro­
ducer price tends to lag behind the LME price; while in times 
of soft demand, it tends to be above the LME price. Several 
factors seem to exert substantial restraining influence on 
the domestic producers. These include the threat of long-run 
substitution, supply from secondary or foreign sources, the 
presence of U.S. government stockpiles, and the threat of 
government intervention (e.g., overt price controls or sale 
from stockpiles) (Little, 1980, p 1-26-27).
Structure of the Domestic Industry
The principle producing states are Arizona, which ac­
counted for 65 percent of the 1979 production; Utah, which 
provided 13 percent; New Mexico, with 12 percent; Montana, 
5 percent; and Minnesota, 3 percent. The leading 25 mines 
produced 97 percent of the domestic copper, of which the top
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five yielded nearly half. Further, four companies accounted 
for 58 percent of the total U.S. output (Mineral Commodity 
Summaries, 1980, p 42-43).
Due to the high transportation costs, virtually all cop­
per ore is concentrated at mills which are located at the 
mines. The value of the concentrates, on the other hand, is 
generally high enough to allow some flexibility in the loca­
tion of the smelters. However, most smelters are still found 
near the mills which provide the feed material, or at tide 
water or rail heads (Little, 1980, p 1-20). In 1979, eight 
companies operated 16 smelters. Refineries can be located 
anywhere between the smelters and the fabricating facilities, 
since transportation costs for blister and refined copper are 
nearly identical. Despite this added flexibility, nearly 40 
percent of the refining capacity is located near smelters, 
with the remainder being distributed in Texas and the mid- 
Atlantic States. In 1979, 25 refineries and electrowinning 
plants were operated by 16 companies.
The U.S. copper industry is marked by a much greater 
amount of vertical integration than in other industrialized 
countries, although it is not as prevalent as it once was. 
For example, in 1950, only Anaconda and Phelps Dodge were 
integrated from mining through refining and they, along with 
Kennecott, produced 78 percent of the nation’s mine output. 
By 1973, Kennecott, Inspiration Consolidated, Copper Range,
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and Magma had integrated forward through the purchase of 
smelters and refineries; while ASARCO integrated backwards 
by the development of mines (Monzon, 1978, p 53, 59)* By 
1978, they had also been joined by AMAX. Several of these 
firms have further expanded the integration by adding fabri­
cation plants and sales forces to their structure. Further­
more, several producers are subsidiaries of larger, diversi­
fied corporations. For example, Anaconda was acquired by 
Atlantic Richfield; Copper Range is owned by the Louisiana 
Land and Exploration Company; Duval, by Pennzoil; and Cyprus, 
by Standard Oil of Indiana (AMOCO). Significant production 
is still controlled by smaller companies, such as, Cities 
Service. These companies must have their output smelted and 
refined by the fully integrated producers.
Thus during the postwar era, the domestic industry has 
undergone important structural changes, resulting in it be­
coming more diverse and less concentrated. Furthermore, the 
industry has become more interdependent in terms of domestic 
or foreign joint-investments and buyer-seller relationships 
(e.g., custom or toll smelting and refining agreements) 
(Little, 1980, p 1-23).
Structure of the International Industry
In addition to the six major copper-producing countries 
already indicated, significant production in 1979 also occur­
red in Peru, Poland, the Philippines, Australia, the Republic
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of South Africa, and Papua New Guinea. World production in 
1979 was limited by a number of socio-political and economic 
factors, particularly in many of the African producing coun­
tries. Furthermore, in the wake of the Iranian revolution, 
the Sar Cheshmah mine was closed after its initial start of 
production earlier in the year and labor strikes reduced 
Canadian output. Conversely, output was expanded in Spain, 
Peru, and the Philippines and the La Caridad mine in Mexico 
began production in June (Mineral Commodity Summaries, 1980, 
P 43).
Prior to the 1970s, much of the Free World copper pro­
duction was dominated by a few vertically integrated compan­
ies of the United States, Canada, and Western Europe. For 
example, in 1956 four companies produced 49 percent of the 
Free V/orld output and eight, controlled 70 percent. However 
in the intervening years between 1956 and 1973, the prolif­
eration of smaller companies in the copper industry reduced 
the control of the four largest companies - Kennecott (U.S.), 
Newmont (U.S.), Phelps Dodge (U.S.), and Rio Tinto Zinc 
(U.K.) - to only 20 percent (Monzon, 1978, p 52-53).
As a result of this vertical integration, the majority 
of the internationally traded copper prior to 1970 was due 
to ownership ties of the major producers. These intrafirm 
shipments, for example, accounted for the trade between Bel­
gium and Zaire and between the United States and Chile and
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Peru. Some smelters were located near the major mines in 
Chile, Zambia, and Zaire to minimize transportation costs, 
but the refineries tended to be concentrated in the developed 
countries (Mikesell, 1979, P 25-26).
Since the nationalizations of the late-60s and early- 
70s, these intrafirm shipments have given way to longer term 
contracts in which the governments of the producing countries 
have taken a more active role. These contracts generally 
specify the quantities to be delivered at a price tied to the 
market price at the time of delivery. Thus, the developed 
countries of Western Europe and Japan, deficient in the pro­
duction necessary to sustain their industrial economies, are 
vitally concerned about a guaranteed access to supplies.
Just as industrial nations require the copper, the pro­
ducing nations, most of which are developing countries (LDC), 
are dependent on the foreign exchange earnings from their 
copper industry. For example, according to Mikesell (1979, 
p 37), Chile’s copper exports in 1974 accounted for 65 per­
cent of her foreign exchange earnings and 20 percent of her 
domestic national product. For Zaire, the figures were even 
more dramatic at 74 and 41 percent, respectively; and for 
Zambia, 93 and 69 percent.
The move by financial institutions and suppliers of cre­
dit requiring a mining company, whether privately owned or 
government controlled, to negotiate sales contracts as a 
guarantee for the loan or credit has further encouraged the
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use of longer term contracts. Such contracts were required, 
for example, for the Bougainville (Papua New Guinea) mine in 
1969 and the Cuajone mine (Peru) in 1974-75.
The Japanese have been particularly successful in cop­
per, as well as in other mineral commodities, in negotiating 
sales contracts with Asian producers. Under such contracts, 
the Japanese provide the risk capital for guaranteed access 
to supplies at the prevailing market price.
The vast majority of the copper traded in international 
markets is in the form of blister, although the Philippines, 
Papua New Guinea, Australia, and Canada are significant ex­
porters of concentrates. The extremely high transportation 
costs cause the economics to combine with nationalistic ob­
jectives and favor the smelting of copper concentrates in the 
country where the copper is mined.
Copper refineries, on the other hand, have tended to be 
concentrated at the major points of consumption since trans­
portation cost considerations are no longer significant and 
value added becomes the over-riding factor (Strauss, 1976, 
p 532-533). However, during the last decade, there has been 
a gradual shift of refining capacity towards the LDCs in 
their effort to capture the higher value added from the re­
fined copper (Monzon, 1978, p 49).
Taking the delinking process one step further, the LDCs 
envision forward integration extending into the fabrication
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stage and semi-manufactures. However, Chile has been the 
only LDC to develop much capacity in this area, and only in 
periods of copper shortage has she developed a commanding 
position in semi-manufactured products.
Effect of the Copper Producers Association
In an effort to emulate the unprecedented success of 
OPEC - Chile, Peru, Zambia, and Zaire - bridged the Atlantic 
in 1966-67 and formed the Intergovernmental Council of Cop­
per Exporting Countries (CIPEC, after the French name of the 
organization Conseil Intergouvernemental des Pays Exporta- 
teurs de Cuivre). According to Clarfield (1975, P 65-6, 73- 
75), the expressed goals have since evolved to:
• Prevent excessive fluctuations in the price of copper 
by establishing a floor price,
• Maintain a price which is fair to consumers and remu­
nerative to producers,
• Foster growth of copper industry earnings via capacity 
expans ion,
• Establish forward integration into smelting, refining, 
semi-manufacturing, and marketing,
• Establish forecasts for production, consumption, and 
exports,
• Obtain and disseminate valid information and advice on 
production and marketing,
• Encourage foreign investment and technical services 
for training the local populace,
•Maintain harmony among the members, and
•Coordinate policies with other international associa­
tions with similiar objectives.
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It was more than pure coincidence that in the same year 
that the rough blueprint for CIPEC was drawn, Zaire nation- 
lized the Societe Generate des Minerals (SGM). In the 
following year, Chile began its takeover of foreign-owned 
mining operations. This nationalization trend eventually 
spread into CIPEC's other founding members as well.
During the initial years, the activities of CIPEC were 
confined to the gathering of statistics and political rheto­
ric. The first collective action was a resolution in 1972 
to boycott Kennecott as a result of its actions against 
Chile in retaliation to the nationalization of its Chilean 
holdings. In November 1979, in response to the 30 percent 
plunge in the price of copper, CIPEC took its first price 
control action by announcing its export quota system. Ac­
cordingly, exports were initially reduced 10 percent, though 
eventually they were to be reduced 15 percent. However, the 
system expired without having the desired price effect on 
June 30, 1976.
The membership of CIPEC began expanding in 1975 when 
Indonesia joined as a full member and Australia and Papua 
New Guinea became associate members. In 1976, Mauritania 
became a full member, followed in 1977 by Yugoslavia as an 
associate member. As a result of the expanded membership, 
CIPEC now controls approximately 38 percent of the world mine 
production. More significantly, however, the organization
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controls 72 percent of the internationally traded copper. 
(Schroeder, 1979, P 3)
Most analysts consider CIPEC to be a "toothless tiger", 
due to their inability to prevent excessive price fluctua­
tions, to maintain smoothly functioning mining and processing 
industries within their own borders, or to define an effec­
tive course of action which is beneficial to all members 
(Engineering and Mining Journal, November 1979, P 66). 
CIPEC's major problems continue to be financial. Most mem­
bers are poor, depending on the foreign exchange earnings 
from copper to enable them to purchase the required imported 
products to sustain their economies and to support internal 
development plans (Clarfield, 1975, P 58). As a result of 
the severe financial constraints, long-term supply restric­
tions are unlikely. Furthermore it is unlikely that an ef­
fective buffer stock, an important price stabilizer, will 
be established; although in early 1979, the U.S. recommended 
the creation of just such a stock at the UNCTAD talks (Mining 
Journal, 9 March 1979, p 177) and recently the establishment 
of the stock was approved. The relative ease of substituting 
other commodities for copper also inhibits the adoption of 
radical policies, although should CIPEC negotiate a success­
ful agreement with the International Bauxite Association, for 
example, the importance of substitution as a consideration 
would decline. Although such a marriage seems unlikely at 
this time, the possibility can not be offhandedly dismissed.
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In recognition of the need for capital, CIPEC members 
have adopted varying policies to encourage private invest­
ment, including the foreign companies they once expelled. 
For example, in Chile the liberalized mining investment laws 
are attracting significant development capital. Anaconda, 
Exxon Minerals, St. Joe Minerals, Noranda, Metallgesell- 
schaft, Foote Minerals, and Falconbridge Nickel Mines are all 
pursuing projects in Chile. Exxon alone has been committed 
to a $1.2 billion investment (Engineering and Mining Journal, 
November 1979* P 66).
It is this outflow of investment capital that could have 
the greatest impact on the domestic copper industry. Declin­
ing ore grades, stricter federal pollution standards, and 
the need for modernization place significant demands on the 
capital of domestic producers. With more profitable invest­
ment opportunities elsewhere, the domestic industry could 
easily suffer a capital drain. This effect could be further 
accelerated if the market price should fail to remain at the 
currently elevated levels. However, though these effects 
could heavily impact the supply of copper from domestic 
sources, they are outside the scope of this study.
Domestic Copper Industry Technology
The domestic copper industry, schematically represented 
in Figure A-l, can be divided into three major segments - pri­
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The primary and secondary production segment consists of 
mining, milling, smelting, refining, and recycling of scrap; 
while the fabrication segment casts, alloys, rolls, extrudes, 
or draws the refined copper into forms which can be used by 
the manufacturing sector, the electrical and construction 
industries, or others requiring copper as a processing input 
(Snell, 1975, p III-l).
An important distinction between primary and secondary 
production must necessarily be made. Primary production 
deals with the mining and processing of virgin ore and ac­
counted for approximately 70 percent of domestic consump­
tion in 1979. Secondary production deals with recycling of 
scrap. Numerous scrap classifications exist, but basically 
new scrap occurs during the smelting, refining, fabrication, 
and manufacturing stages. The recent conservation movement 
has resulted in increased efforts to recover the copper 
from such sources. Additionally, the recycling of worn-out 
finished products (or old scrap), containing significant 
amounts of copper, have also become an important resource. 
In 1979, for example, old scrap accounted for 24 percent of 
U.S. consumption (Mineral Commodity Summaries, 1980, p 42). 
One very distinct advantage of recycling scrap copper stems 
from the greatly reduced energy requirements for recovery 
of secondary copper. According to a study conducted by the 
Oak Ridge National Laboratory, secondary recovery requires
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approximately one-tenth as much energy as primary copper 
production (Bravard, 1972, p39). As the energy requirements 
for primary copper continue to increase, the disparity will 
favor recycling even more strongly. Kusik and Kenahan (1978, 
p 31-39) provided a more detailed energy study of recycling 
scrap. According to their findings, scrap can be classified 
into one of seven categories, depending on its copper content 
and its purity. Obviously the processing requirements for 
the recycling, and hence the amount of energy consumed, are 
strongly correlated to the purity of the scrap. The energy 
consumption per ton of secondary recovered metal ranged from 
3.81 million BTUs for melting clean, uncontaminated, and 
unalloyed copper in reverberatory furnaces to 42.42 million 
BTUs for low grade scrap.
An analysis of current energy consumption for the recy­
cling of scrap is likewise outside the scope of this thesis, 
however, scrap does represent a significant resource for cop­
per which is strongly favored as regards energy consumption. 
Consequently, recycling can be expected to play a very impor­
tant role in the future as energy costs continue to escalate 
or as greater amounts of energy are required to recover vir­
gin copper.
Geology
Most copper deposits are generally classified into five 
geologic types, although sea nodules may soon be considered
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as a sixth: (1) porphyry deposits and vein and replacement
deposits, (2) strata-bound deposits in sedimentary rocks, (3) 
massive sulfides in volcanics, (4) magmatic segregates of 
nickel-copper ores in mafic intrusives, and (5) native copper 
deposits. Porphyry and vein and replacement deposits account 
for nearly two-thirds of the world’s resources, while the 
strata-bound deposits account for another one-fourth (Schro- 
eder, 1979, P 7). The primary minerals of commercial copper 
deposits in the U.S. are sulfides and enriched oxides. Sig­
nificant quantities of gold, silver, molybdenum, nickel, 
platinum, selenium, tellurium, palladium, arsenic, rhenium, 
iron, lead, zinc, and sulfur are produced as by-products; 
the presence of which can significantly alter the economics 
of the deposit - adding to or detracting from the mine pro­
fitability (Little, 1980, p 1-20).
Recovery Technology
The copper ore was traditionally recovered by surface 
or underground mining methods, however, leaching is becoming 
common. Today, approximately 82 percent of recovered copper 
in the U.S. is mined in open pit operations, an additional 
10 percent is recovered through leaching, with the remainder 
coming from underground mines (Schroeder, 1979, P 7-8).
Since the majority of ores mined in the U.S. are sul­
fides, froth flotation is the predominate beneficiation met­
hod employed. During milling, the sulfides are crushed and
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ground sufficiently fine to liberate approximately 90 percent 
of the contained copper. The ground ore is then put in a 
flotation cell where numerous surfactants are added to pre­
ferentially wet the sulfide particles. Air, which is bubbled 
through the cells, carries the sulfide particles to the sur­
face where they are removed (Snell, 1975, p III-4). Flota­
tion commonly produces a concentrate which contains 15-30 
percent copper.
Frequently, a sulfide deposit has a cap of oxide ore be­
low which a transition zone of oxides and sulfides occur. 
These oxide ores, not amenable to flotation, are usually 
leached with a dilute solution of sulfuric acid. Four leach­
ing methods have been developed - vat, heap, dump, and in 
situ.
Historically, vat leaching has been the most widely used 
method. The ore is mined, crushed, placed in tanks, and im­
mersed in a weak sulfuric acid solution. The acid dissolves 
the copper, which is then recovered from the pregnant solu­
tion by precipitation on scrap iron (called cementation), by 
electrowinning, or by solvent extraction followed by electro­
winning .
Heap and dump leaching were developed to recover very 
low grade ores. Heap leaching is performed by piling the 
ore on special pads, percolating sulfuric acid through the 
pile, recovering the solution in collection ponds, and then 
treating the solution in the same manner as with vat leaching.
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Dump leaching, as the name implies, is used on the mine and 
mill dumps which formed during normal operations. It is 
identical to heap leaching, except that no special pad was 
originally constructed. Consequently, a dike must be built 
around the dump to catch the solution.
In situ leaching is designed to recover copper from ore 
bodies not economically mineable by conventional methods. 
The acid is pumped into the formation, allowed to percolate 
through it, and then recovered. The method minimizes envi­
ronmental disturbance, however, has low recovery of copper.
Several methods for leaching sulfide minerals have also 
been developed and experimental work continues on others. 
The CLEAR process, developed by Duval, uses a chloride leach­
ing method and Anaconda’s Arbiter process uses an ammonia 
leach. These plants have several advantages over the con­
ventional pyrometallurgical processes, namely, they are en­
vironmentally clean and can be operated on a smaller basis. 
This latter advantage makes them particularly amenable to 
small, isolated locations (Mikesell, 1979, P 60-67).
Traditionally, the smelting operation of the copper con­
centrates or precipitates takes place in a reverberatory fur­
nace. The concentrates can be fed directly into the furnace 
without drying (called green charge smelting) or after 
roasting (called hot-calcine charge smelting). Two layers 
generally form as the feed material melts. The upper layer
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of slag primarily contains silicon and iron compounds and 
it is periodically drawn off for disposal. The lower layer 
of copper sulfide settles out at the bottom, along with 
some iron sulfide, and forms what is called the "matte”. 
The matte which also contains the by-product precious metals, 
typically contains 40-45 percent copper. This matte is then 
fed to a converter where oxygen is blow through the molten 
material, oxidizing the sulfur and iron. The remaining 
"blister" is approximately 98-99 percent pure copper (Snell, 
1975, p III-8) .
Drying and roasting stages are frequently performed to 
prepare the concentrate for the reverberatory furnace. Con­
centrates usually contain 10-15 percent moisture while cement 
copper often has as much as 30 percent. The drying stage 
reduces this moisture to 4-8 percent, thereby reducing fuel 
requirements in the furnace. Roasting is designed to regu­
late the amount of sulfur and other volatile impurities in 
the furnace charge. It is particularly common for those 
smelters doing toll or custom smelting to ensure a more stan­
dard composition of the feed material. Roasting reduces both 
fuel consumption in the furnace and sulfur dioxide emissions 
(Little, 1978, p II-5) .
When using green charge smelting, 20-45 percent of the 
contained sulfur is oxidized. Then it is removed from the 
reverberatory furnace as a flue gas, where the concentration
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of sulfur dioxide is 1.5-3 percent. When using hot-calcine 
smelting, the concentration of sulfur dioxide in the furnace 
off gases is reduced to 0.5-1 percent. Recovery of sulfuric 
acid is not practical in either case. Acid can be produced 
from the off gases of the roaster and converter, however, 
where sulfur dioxide concentrations approach 10-15 percent. 
Thus, between 50 and 70 percent of the sulfur is recaptured. 
(Little, 1976, p 120)
The blister copper is then transferred to a refinery. 
There, the oxygen, retained during the conversion process, is 
removed and the precious metals separated. Fire refining is 
used to reduce the cuprous oxide to elemental copper. Elec­
trolytic refining further purifies the copper and permits the 
recovery of the precious metals. In electrolytic refining, 
fire refined anodes are inserted into a copper sulfate and 
sulfuric acid solution, through which an electric current is 
passed. Refined copper is deposited on the cathode and the 
precious metals drop out as a sludge. Such refined copper 
has a minimum purity of 99-9 percent. The refined copper is 
then usually formed into wire bars, billets, or ingots and 
delivered to the fabricating mills (Snell, 1975, p 111-10).
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APPENDIX B 
SUPPLY ANALYSIS MODEL (SAM)
General Description 
The Supply Analysis Model (SAM), as described by David- 
off (1980, 45 p), was developed by the Minerals Availability 
System (MAS) of the Bureau of Mines. Upon its creation, MAS 
was charged with the responsibility of designing an automated 
storage and retrieval system to evaluate and classify foreign 
and domestic mineral resource information (BOM IC 8654, 1974, 
pi). In carrying out that charge, MAS personnel, assisted 
by private consulting firms, must determine which deposits 
to include in the analysis and must then evaluate the geo­
logic, engineering, and economic data for the selected depos­
its. Representative deposits are selected on the basis of 
such factors as size and likelihood of production (Davidoff, 
1980, p 4). The evaluation of the geologic, engineering, 
and cost data is based on information furnished by the owners 
of the deposit or published in a number of trade journals. 
If published cost studies are unavailable, the MAS engineer­
ing staff utilizes the Capital and Operating Cost Estimating 
Handbook developed by Stramm Engineering. Specifically, all 
the data necessary to develop the mineral deposit, such as, 
reserves, mineral types, ore grades, production capacities,
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recovery factors, capital costs, operating costs, royalties, 
and taxes are analyzed. This information - along with the 
property name and location, owner, geology, ore body geome­
try, historical production and environmental data - is stored 
in the MAS data base. The resource base used in the evalua­
tions generally consists of the economic and subeconomic 
segments of the demonstrated portion of the joint Bureau of 
Mines and the U. S. Geological Survey resource classification 
system, as shown in Figure B-l. The MAS evaluation process 
is depicted in Figure B-2.
Prior to the development of SAM, the supply analyses 
performed by MAS required manual aggregation of data and 
therefore, depending on the number of deposits to be evalu­
ated took from weeks to months to accomplish. Due to the 
rapidly changing economic and socio-political environments 
in which the modern mining sector operates, the results of 
such static studies quickly became obselete. Through the 
use of SAM, the compilation time has been significantly re­
duced. Thus, shifts in the resource availability curve, re­
sulting from a change in one or more of the factors impinging 
on the availability of a particular commodity, can be deter­
mined in a number of hours. Furthermore, through the conduct 
of a sensitivity analysis, the most critical variables can 
be isolated and their potential effects evaluated.
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Figure B-l: Bureau of Mines and Geological Survey joint
resource classification system.


































Subsystem, the Request Processor Subsystem, and the Curve 
Generator Subsystem. The remainder of this appendix is de­
voted to describing these subsystems.
File Update Subsystem 
This subsystem, schematically shown in Figure B-3, is 
designed to create and maintain the permanent data files. 
Included in this subsystem are five interactive computer 
programs, designed to manipulate four files: the master com­
modity file, tax records file, cost index tables file, and 
price tables file. A listing of each file may be requested 
from the corresponding update or maintenance program.
Master Commodity File
A separate master commodity file is created for each 
commodity to be studied. This file contains all of the de­
posits which are to be included in the study and consists 
of the necessary data to perform an economic analysis. Each 
property can consider five commodities, the primary commod­
ity plus four co- or by-products, as well as, a leach of the 
primary commodity. Table B-l shows a representative sample 
of the type of information which is included for each deposit 
and a detailed listing of all possible categories is provid­
ed in Appendix C. The file may contain up to five separate 
subfiles for each deposit, representing cost and production 




























Price Tables Maintenance 
Program
Master Commodity Pile 
Update Program
Tax Record Maintenance 
Program
Source: Davidoff, 1980, p 6.
Figure B-3: Supply Analysis Model (SAM) File Update Sub-
system.
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Table B-l: Example of typical deposit information required
for economic evaluation of a property.
Year of Category
Category description and units Occurrance Value
Begin End
Exploration 1978 1979 470,000
Land Acquisition 1980 1980 538,000
Development 1979 1980 1,791,000
Mine Plant 1979 1980 898,000
Mine Equipment 1979 1979 2,286,000
Mine Equipment 1980 1980 2,846,000
Mine Equipment Reinvestment 1984 1984 604,000
Mine Equipment Reinvestment 1986 1986 955,000
Mine Equipment Reinvestment 1990 1990 1,198,000
Mill Plant and Equipment 1979 1980 18,703,000
Working Capital 1981 1981 2,366,000
Mine Operating Cost..... $/MT ore 1981 1995 1.45
Mill Operating Cost..... $/MT ore 1981 1995 1.70
Ore Mined/Year....... metric tons 1981 1995 4,520,000
Copper Peed Grade........ percent 1981 1995 0.43
Mill Recovery............ percent 1981 1995 93.0
Copper Concentrate Grade..percent 1981 1995 28.0
Smelter Recovery......... percent 1981 1995 98.0
Refinery Recovery........ percent 1981 1995 99.9
Smelter Operating Cost..$/MT cone 1981 1995 93.00
Refinery Operating Cost......... '
1981 1995 190.00
Transportation to Smelter.......
1981 1995 6 .90
Transportation to Refinery......
1981 1995 9.90
Molybdenum Peed Grade.... percent 1981 1995 0.013
Mill Recovery............ percent 1981 1995 63.0
Molybdenum Concentrate Grade....
1981 1995 50.0
Gold Peed Grade .... troy ounces/MT 1981 1995 0.003
Mill Recovery............ percent 1981 1995 90.0
Gold Concentrate Grade..........
1981 1995 0.2
Smelter Recovery......... percent 1981 1995 95.0
Silver Feed Grade..troy ounces/MT 1981 1995 0.06
Mill Recovery............ percent 1981 1995 9 0.0
Silver Concentrate Grade........
1981 1995 3.53
Smelter Recovery......... percent 1981 1995 95.0
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As can be seen in Figure B-3, two programs are necessary
to maintain the master commodity file. The data base changes
program accesses both the MAS data base and an existing mas­
ter commodity file, identifying any changes which have been 
made to the data base and not to the master commodity file. 
Any differences are annotated in a self-generated report and 
these or other changes, to include the addition of new pro­
perties, may be made to the master commodity file utilizing 
the interactive update program.
Tax Records File
Separate records for each state and foreign country
contain the tax parameters required for the economic eval­
uation. The necessary data are the name of the state or 
country, the years that the tax applies relative to produc­
tion (e.g., 00 indicates pre-production years only and 01, 
the first production year), the description of the tax, the 
tax options and rates, and the allowable deductions. It is 
beyond the scope of this thesis to describe the myriad of 
tax options and deductions currently used by the various
local, state, or federal governments; however they generally 
fall into one of four categories: income, severance, pro­
perty, or mineral licensing taxes. The economic analysis 
routine uses up to seven different types of records and a 
wide range of assessment options to simulate virtually any 
tax structure.
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An extract from the tax records file is provided in 
Table B-2. The file is created and maintained by the inter­
active tax records maintenance program, as shown in Figure 
B-3 •
Cost Index Tables File
The Cost Index Tables are used to update costs in the 
master commodity file. The file contains the following cost 
tables: equipment, building construction, mining labor,
iron and steel components, petroleum products, explosives, 
truck tires, construction labor, manufacturing, industrial 
commodities, industrial power, industrial chemicals, natural 
gas, transportation, and lumber. The data come from a vari­
ety of government and industrial sources, predominately the 
Bureau of Labor Statistics and Engineering News Record. A 
practical limitation on this file arises from the time lag 
in the availability of published data, frequently amounting 
to several months.
Each cost in the master commodity file is updated by a 
weighted average of the appropriate cost categories which 
correspond to one of the index tables. These weighted aver­
ages, given in Table B-3, have been determined by the MAS 
engineering staff with the assistance of the Stramm Engi­
neering Cost Estimation Handbook. For a detailed descrip­
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Table B-2: Extract from Tax Records Pile, Supply Analysis
Model (SAM).
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Table B-3: Determination of weighting factors for cost up­
dating indices and MINSIM categories to which applied (Cate­
gory descriptions are provided in Appendix C).







Mine Capital Equipment .62 1-6, 10
Mine Operating Costs .27
Cons truet ion .11













Smelter Charges Manufacturing Labor .63 27, 39, 51
Natural Gas .24 63, 75, 86
Industrial Power .07
Maintenance/Supplies .06
Refinery Charges Manufacturing Labor .72 28, 40, 52
Natural Gas .07 64, 76, 87
Industrial Power .  16
Maintenance/Supplies .05
Notes:
1. Transportation Costs (categories 29-31, 41-43, 53-55,
65-67, 77-79, 88-90) updated with a Transportation Factor.
2. Average of Mine and Mill Capital Costs applied to 
Loan Parameters (categories 11-13).
3. Average of Mine and Mill Operating Costs applied to 
Working Capital (category 14).
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Method for Updating Cost Estimates for the Minerals Availa­
bility System, Bureau of Mines.”
An extract of the cost index tables file is provided in 
Table B-4. The file is created and maintained by the inter­
active maintenance program, as shown in Figure B-3.
Price Tables File
The price tables file, a portion of which is shown in 
Table B-5, contains the average monthly and annual prices for 
each of the major commodities. These prices are taken from 
government publications and trade journals, e.g., Engineer­
ing and Mining Journal, and reflect the average data from 
the various metal markets and exchanges. The appropriate 
primary, co- or by-product prices are then abstracted from 
these tables and used in the economic evaluation.
The file is created and maintained, as shown in Figure 
B-3, by the interactive price tables maintenance program.
Request Processor Subsystem 
This subsystem, forming the heart of the model, has one 
interactive program in which the appropriate supply data are 
requested and three other internal programs which generate 
the requested information. This subsystem is schematically 
portrayed in Figure B-4.
The initial request must include the master commodity 
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Table B-4: Extract from Cost Index Tables Pile,
Analysis Model (SAM).
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Deposit
Source: Davidoff, 1980, p 13.
Figure B-4: Supply Analysis Model (SAM) Request Processor
Subsystem
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return, and the date to which all costs and revenues are to 
be converted. A number of options are also available, giving 
the ability to perform a sensitivity analysis on any of the 
variables effecting the data.
The request program automatically starts the other three 
programs in the subsystem: the cost adjuster program, the
MINSIM4 economic analysis program, and the availability 
tables and curves data generator program.
Cost Adjuster Program
This program converts the cost data from the master 
commodity file into the appropriate costs required by the 
MINSIM4 program, plus any sensitivity analysis adjustments 
requested. The conversion factors are calculated utilizing 
the cost index tables and the weighting factors listed in 
Table B-3. The following example best illustrates how an 
updating factor is calculated.
Cost Component Jan 75 Jan 80 Component Weight Update 
_________________Index Index_____ Factor____________ Factor
Cons t ruction
Labor 1913.10 2664.00 1.3925 0.22 0.3063
Equipment 4.62 6.95 O.6769
199.40 297.30 0.8199 0.24 0.3592
Buildings 199.40 297.30 1.4909 0.22 0.3279
Cons truction
Misc. 167.50 260.30 1.5540 0.32 0.4972
1.490b
Note: The Component Factor = (Jan 80 Index)/(Jan 75 Index)
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Thus, to update a mill capital cost from January 1975 dollars 
to January 1980 dollars, a factor of 1.491 would be applied 
to the 1975 cost.
The factors calculated in the above manner are then 
applied to the data in the appropriate categories as noted 
in Table B-3. Tax parameters and commodity prices are also 
selected from the appropriate files and inserted, adjusted 
by any of the factors requested during the request program.
A report may be requested which reflects all of the up­
dated data passed to the economic analysis program.
MINSIM4 Economic Analysis Program
The Supply Analysis Model was built around the MINSIM4 
economic analysis program. This program utilizes the data 
generated from the cost adjuster program and calculates the 
required selling price of the primary commodity necessary to 
attain a desired DCFROR (defined as the "supply price").
The MINSIM4 program allows capital costs to be handled 
in a number of ways, in accordance with the current regula­
tions of the Internal Revenue Service. Specifically, the
Acquisition costs are automatically capitalized and 
recaptured by cost depletion once production begins.
Exploration costs may be capitalized or expensed. If 
capitalized, they are entered as a capital cost in the year 
incurred and then recovered through cost depletion. If ex­
pensed, they are deducted as an operating cost in the year 
incurred. Should the latter case result in a net operating 
loss, an actual claim can be made for a tax credit or refund 
utilizing either the tax loss carry forward or carry back
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options (three years back or seven years forward), although 
MINSIM automatically uses a carry forward routine. However, 
if this is done, no depletion allowance is permitted until 
all exploration expenses have been recovered. Alternative­
ly, any previously expensed costs may be claimed as income 
and then the normal depletion taken.
Development costs may also be expensed in the year in­
curred or capitalized and then deducted by cost depletion. 
If expensed, however, there is no recapture restriction as 
in the case of exploration costs (Stermole, 1974, p. 346). 
Development costs incurred during the production stage are 
automatically considered as an operating expense by MINSIM4.
Depreciable investments may be recovered by any of the 
depreciation methods.
Working capital is considered as a capital cost, but is 
neither expensed nor depreciated. Rather, it is recovered in 
the last year of production and not taxed.
Operating costs, royalties, and taxes are all expensed in 
the year incurred.
The MINSIM4 program generates annual cash flows for each 
deposit and a summary report, shown in Figure B-5.
The price and production information are automatically 
passed to the tables and curves data generator program.
Tables and Curves Data Generator Program
This program assembles the annual, total, and cumula­
tive production information for the prime commodity and 
by-products, then sorts the data in ascending order by price. 
The production and price data points are scaled and stored 
for use by the Curve Generator Subsystem.
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Price Determination
Last year additions to cash flow:
Cumulative working capital ... 17892566
Cumulative salvage value ....  0
Other cumulative values:
Revenues .....................  2982814650
Royalties ....................  0
Total depreciation ..........  321402640
Depletion used ............... 308820788
Sum tax loss carry ..........  57193709
Sum investment tax credit .... 32040264
Property taxes ............... 40085102
Severance taxes .............. 0
State income taxes ..........  53029330
Federal income taxes ........  92139823
Cash flow ....................  482975097
Final year's analysis figures:
Continuous rate of return .... 15.00
15 percent present value ....  0
Commodity Summary Data 
Commodity Revenues Units Recovered Price/Metric Ton
Copper 1921772050 1095480 1754.274
Lead 117141700 160986 727.650
Zinc 743888796 1106105 672.530
Silver 200012104 1261 158631.780
Total Initial Investment Data
Exploration .....................  4097200
Land acquisition ................ 159400
Development .....................  30072208
Mine plant and equipment .......  29864904
Mill plant and equipment .......  292437726
Working capital 7892566
Misc. investment and operating
costs ........................  0
Total units treated ............  30030000
Source: Davidoff, 1980, p 15.
Figure B-5: Example of MINSIM4 summary report.
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Curve Generator Subsystem 
The Curve Generator Subsystem, shown in Figure B-6, is 
designed to construct the annual or total resource availabil­
ity curves on a graphic terminal or on-line plotter. The 
subsystem also prints availability tables for each commodity, 
an example of which is shown in Table B-6. The subsystem 
also serves as a flag, informing the user of the current sta­






























Status Indicator of 
SAM System Run
Source: Davidoff, 1980, p 1 6 .




























s-. \0) 0 'O 
(X O C 
a  *H  po p o
O  a  a
0TD34-3
•HM£ £ o o•H a4-3CtiO 0) •H TOa 3
•H  -P  4-3 »HC -P0 Cti T3 a
0>5-PS-* S <D o3 as
c. >. a -pS-.0aosua
vorH-=r-=3-MD onoo c\j N O M n r o o M n o m o  oooo oo on a  t— vo m v o  o j ^j-cm ih a  -=3" o  oooocxico avx) ■h  a  vo n m o o  h  o o c ^ c m o o o j  on-=r oo^rrH on onvo ov
#s *\
o  a  >—1 -=r uv vo vo co co o  0 0  c\j a  t— c—  b— ĉ - c-—
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Mine Operating Costs per unit in category 19 
Mill Operating Costs per unit processed 
Leach Operating Costs per unit precipitated 
Total Overhead per unit treated 
Units Treated
Misc. Operating Expenses, i.e., rents






Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter 
to Refinery
Transportation Costs per unit from Refinery 
to Market 
Price per unit 
Commodity No.




































MINSIM4 List of Categories (Continued)
Description
Mill Recovery 
Mill Concentrate Grade 
Smelter Recovery 
Smelter Concentrate Grade 
Refinery Recovery
Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter to 
Refinery
Transportation Costs per unit from Refinery to 
Market
Price per unit for Commodity No. 2






Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter 
to Refinery
Transportation Costs per unit from Refinery 
to Market
Price per unit for Commodity No. 3






Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter 
to Refinery
































MINSIM4 List of Categories (Continued)
Description
Price per unit for Commodity No. 4






Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter 
to Refinery
Transportation Costs per unit from Refinery 
to Market
Price per unit for Commodity No. 5





Smelter Charges per unit processed 
Refinery Charges per unit processed 
Transportation Costs per unit from Mill to 
Smelter
Transportation Costs per unit from Smelter 
to Refinery
Transportation Costs per unit from Refinery 
to Market
Name and Parameters for Commodity No. 1
Name and Parameters for Commodity No. 2
Name and Parameters for Commodity No. 3
Name and Parameters for Commodity No. 4
Name and Parameters for Commodity No. 5
Royalty Parameters 
Record Ignored by Program
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APPENDIX D 
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APPENDIX E 
DOMESTIC PRIMARY COPPER INDUSTRY
CANVASS FORMS
T—23 4 7 116
Colorado School of Mines
golden, Colorado 8 0 4 0 1  • ( 3 0 3 )  2 7 9 - 0 3 0 0
22 April 1980
Anaconda Company 
ATTN: Mr. A1 Plamann
555 17th Street 
Denver, Colorado 80202
Dear Mr. Plamann,
It was a pleasure to speak with you concerning my 
thesis and as I indicated, I am currently enrolled in 
the Colorado School of Mines as a Masters candidate in 
the Mineral Economics Department. My thesis deals with 
energy consumption in the domestic copper industry and 
the effect that rising energy costs will have on the 
supply of copper from domestic sources as the industry 
continues to become more energy intensive.
However without the cooperation of the domestic 
producers, it will be impossible for me to perform the 
analysis. Consequently your assistance is requested in 
completing the enclosed questionnaire and in returning it 
to me in the stamped, self-addressed envelope which is 
also enclosed. If possible please return it NLT 15 June 
to 1146 South Arbutus Street, Lakewood, Colorado 80228. 
A set of general instructions is also provided.
All information will be treated as confidential and 
only aggregrate data in the form of average energy con­
sumption and costs, grades, production, and a projected 
supply curve will be presented in my thesis. Further, I 
will be pleased to forward a copy of my results to you 
should you express a desire.
Questions may be addressed to my thesis advisor, Dr. 
Joesph Weber, at telephone number (303) 279-0300, ext. 2491 
or to me at (303) 985-5219.





INSTRUCTIONS FOR COMPLETING CANVASS FORM
1. Please complete one Annual Energy Consumption question­
naire for each mine, mill, smelter, and/or refinery and 
electrowinning plant and one Annual Energy Usage Pattern 
questionnaire aggregating the information for the entire 
company.
2. Only the purchased quantities of electricity and coke 
are requested on the Annual Energy Consumption questionnaire 
as any energy consumed for self-generated or produced quan­
tities should be reflected in the other types of energy. 
However, on the Energy Usage Pattern form, spaces has been 
provided for self-generated electricity.
3. Major Sources of Supply: Indicate the major suppliers 
of energy consumed, for example, XYZ Public Service Company.
A. Type and Terms of Agreement: Indicate in general terms
the type of the supply agreement and its general terms, for 
example, long-term contract for 5 years at guaranteed price 
or spot purchase at market price.
5. Actual Unit Cost: The delivered cost/unit of measure,
as reflected in the 2nd column or at specified units.
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ALTERNATE PYROMETALLURGICAL SMELTING TECHNOLOGIES
Two recent developments, hitting the copper industry 
in relatively rapid succession, have challenged the supremacy 
of the reverberatory furnace and spurred a flurry of activity 
in the area of developing alternate technologies. These 
developments were tightening energy supplies, with the resul­
tant rapid increase in the price, and the imposition of very 
stringent environmental controls. The purpose of this appen­
dix is to provide a brief description of some of the major 
alternatives to the traditional reverberatory smelting pro­
cesses, which was explained in the technology section of 
Appendix A.
Basically these technologies may be divided into elec­
tric, flash, and continuous smelting processes. Two flash 
smelting techniques, the Outokumpu and Inco processes, and 
three continuous techniques - Noranda, Mitsubishi, and WORCRA 
processes - will be presented, in addition to, the electric 
smelting process.
There are those who feel the pyrometallurgical methods 
mentioned above will be replaced by hydrometallurgical pro­
cesses (the various leaching techniques briefly discussed in 
Appendix A). However Kellogg (1973, P 14-15), a leading
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proponent of pyrometallurgy, cites some inherent advantages 
which hydrometallurgical processes cannot match. These are 
(1) rapid reaction rates which increase exponentially with 
temperature, (2) a wide range of reaction temperatures (am­
bient to 2000 degrees Centigrade) which can effect reaction 
equilibrium, thus providing an extremely valuable process 
variable, (3) no need for a reducing agent since sulfur, 
the best reducing agent for metals, is provided by the copper 
concentrate, (4) easy separation of slag and metal, through 
simple decantation, (5) a high concentration of metal in the 
process stream, and (6) simple and complete recovery of pre­
cious metals.
Smelting in an Electric Furnace
The overall process of electric smelting is very simi­
lar to that of reverberatory smelting of a wet charge, with 
the exception that the concentrate is dried. This reduces 
the moisture content to approximately 0.1-percent (Kellogg, 
1976, p 399) and therefore prevents steam explosions inside 
the furnace. A schematic and cut-away of the furnace are 
provided in Figure F-l.
The heat for the smelting is provided by passing a high 
amperage electric current through the charge. The process 
is generally started by placing steel plates, steel beams, 
or crushed matte on the furnace hearth and by partially fill­
ing the furnace with crushed slag. The electrodes are then
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shorted through this mixture. Power is gradually increased 
until a pool of slag has formed and normal smelting can 
begin.
The charge is fed intermittently, completely covering 
the surface, of the molten slag. This optimizes the heat 
transfer to the charge, and minimizes heating of the off 
gases (Biswas, 1976, p 140-143). The process produces a 
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Figure F-l: Schematic (a) and cut-away (b) views of sub­
merged electrode electric furnace. Sources: Themelis,
1976, p 43 and Biswas, 1976, p 9.
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and slag are Intermittently drawn-off. The matte is trans­
ferred to a conventional converter for oxidation and the slag 
is discarded. Converter slag, on the otherhand, is recharged 
to the furnace for further capture of the copper content.
The primary advantages of the electric furnace are its 
simple process control, its versatility in handling all con­
centrates, the production of small volumes of effluent gases, 
the ease of controlling the concentration of sulfur dioxide 
by air inflit ration, and the thermal efficiency of the elec­
tricity. However, the use of electricity is also its major 
disadvantage, arising from the low conversion efficiency of 
fuels to electricity and the inability to make use of the 
energy released during the oxidation of the sulfur and iron 
(Biswas, 1976, p 139).
Outokumpu Flash Smelting
Flash smelting combines the roasting and smelting pro­
cesses of the conventional reverberatory smelter into a sin­
gle step. In this manner, the heat from the exothermic 
roasting process can be used directly for smelting, thereby 
causing a significant reduction in the quantity of fuel 
consumed. The other major advantage of the process is that 
it produces a stream of effluent gas with a high concentra­
tion of sulfur dioxide and is, therefore, amenable to recov­
ery of approximately 90 percent of the sulfur contained in 
the concentrate.
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The dry, fine copper concentrate is fed into the burner 
as shown in Figure F-2, where it is mixed with preheated air 
at temperatures between 400 and 1000 degrees Centrigrade. 
The suspended concentrate enters the reaction furnace, where 
the majority of the heat required to melt the particles is 
provided by the combustion of the copper and iron sulfides. 
The molten particles and gases are then separated in a set­
tler and the resulting copper matte, containing approximately 
65 percent copper, is drawn off and transferred to a con­
verter. Additional energy savings are realized in the con­
verter, since the higher grade matte does not require as 
much time for conversion (Little, 1976, p 41).
The major disadvantage of the flash process is the 
high copper concentration in the slag (approximately one 
percent) and flue dust due to the high matte grade. As a 
result, both must be further treated. The flue dust is put 
through a heat exchanger and electrostatic precipator, then 
recycled through the furnace. The slag is treated in an 
electric furnace or floated. Use of a furnace is cheaper, 
however, recovery by flotation is higher. Both processes re­
quire about the same amount of energy (Little, 1976, p 11).
The preheated air used in the concentrate burner can be 
enriched with oxygen. Such enrichment significantly reduces 
total energy consumption by increasing processing tempera­
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Figure F-2: Schematic and cut-away of Outokumpu flash fur­
nace.
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the flue gases, and increasing capacity through reduction 
in the volume of gases. The enrichment also increases the 
sulfur dioxide concentration in the off gases (Little, 1976, 
p 81-83).
However several technical considerations pose problems 
for wide-scale use of the Outokumpu method. The primary pro­
blem stems from impurities in the concentrate - such as, 
arsenic, antimony, or bismuth - which are relatively common 
in U.S. ores. Such impurities must be removed prior to pro­
cessing in the flash furnace. Oxides are also less amenable 
to the flash furnace, since less heat is given off during 
roasting. In the latter case, oxygen enrichment is actually 
necessary in order to increase the reaction temperature, but 
such enrichment fails to offer the same energy savings that 
it does for sulfide ores.
Inco Oxygen Flash Smelting
Inco oxygen flash smelting is very similar to the oxygen 
enriched Outokumpu flash process, although it is slightly 
more energy efficient. The primary difference is the con­
centration of the sulfur dioxide in the flue gases. In the 
Outokumpu process the concentration is 10-15 percent, while 
in the Inco process it approaches 80 percent. Consequently, 
the sulfur dioxide is generally recovered as liquid sulfur 
dioxide rather than by conversion to sulfuric acid (Kellogg, 
1976, p 402-405).
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The other differences are in the design of the furnace. 
Schematic and cut-away views are provided in Figure F-3. The 
concentrate, fluxes, and oxygen are blown horizontally into 
the furnace rather than from the top. Furthermore the entire 
furnace is encased in a welded steel shell. This makes it gas 
tight, prevents cooling by air infiltration, and maintains 
the high sulfur dioxide concentrations (Biswas, 1976, p 160).
Noranda Continuous Process 
The Noranda continuous smelting process combines the 
three stages of roasting, smelting, and converting into a 
single reaction vessel. Consequently, the heat losses nor­
mally resulting from transferring the warm material between 
the different stages are eliminated. Furthermore, the heat 
generated during both the roasting and converting stages are 
retained for use in the smelting.
The reactor, shown in Figure F-4, consists of a horizon­
tal, cylindrical furnace with a series of tuyeres in the end 
where the smelting and converting transpire. An opening in 
the roof of the reactor allows the flue gases to escape 
(Little, 1976, p 55-57). These flue gases contain approxi­
mately 4-5 percent sulfur dioxide and, therefore, more energy 
is needed to produce sulfuric acid than with the other smelt­
ing processes (Kellogg, 1976, p 408). However, 90 percent of 
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The wet copper concentrate is pelletized and fed into 
the furnace. This increases energy usage due to the need to 
dry the pellets and heat the resultant water vapor to the 
same temperature as the other escaping flue gases. During 
the smelting, three layers form inside the furnace - molten 
copper, matte, and slag. The molten copper is produced by 
blowing air through the matte, causing the iron and sulfur to 
oxidize. The iron oxides combine with the flux to form the 
slag and the sulfur dioxide exits as a flue gas. The molten 
copper is then drawn off as a blister, containing 1.5-2 per­
cent sulfur. Additional conversion is necessary to elimin­
ate this sulfur. The turbulence caused by the air jets 
results in a copper concentration of 10-12 percent in the
T-2347 133
slag, most of which occurs as entrained globules of metallic 
copper. The slag must be drawn off, cooled, crushed, and 
floated to release the contained copper (Little, 1976, p 57).
The air fed into the furnace can also be oxygen enriched. 
Such enrichment produces a very high grade matte (containing 
approximately 70 percent copper) rather than a blister, hal­
ves the copper concentration in the slag, increases the reac­
tion temperature and concentration of the sulfur dioxide 
(Kellogg, 1976, p 408), and makes the process nearly autoge­
nous. The net effect is to significantly reduce the energy 
consumption and allow for computerized process control. It 
furthermore reduces the furnace down time and maintenance 
costs, the major drawbacks of the process. As in the case 
of the Outokumpu flash process, the enrichment is actually 
necessary if the concentrate contains impurities (Little, 
1976, p 64-68).
The matte, produced by the oxygen enrichment, is con­
verted in the traditional manner, although the high grade 
appreciably reduces the conversion time. The slag is treat­
ed in precisely the same manner as with the normal process.
Mitsubishi Continuous Smelting Process 
The Mitsubishi process consists of three metallurgical 
stages, each taking place in a separate furnace. The three 
furnaces are connected in a cascade fashion, as shown in
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Figure F-5. This arrangement allows the matte and slag to 
flow between them with gravity.
Copper concentrates, fluxes, and oxygen enriched air 
are fed through lances into the smelting furnace. The lances 
induce a high oxidation rate, as well as, simplify the design
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Figure F-5: Schematic (a) and plan (b) views of the Mit­
subishi furnaces. Source: Biswas, 1976, p 232.
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and maintenance of the furnace. The smelting furnace pro­
duces a high grade matte, containing 60-65 percent copper.
The matte and slag continuously flow to the slag clean­
ing furnace where the slag, containing approximately 0.4 per­
cent copper, is cleaned and granulated. The matte flows to 
the converting furnace where oxygen enriched air is intro­
duced through lances. The matte is oxidized into blister 
copper and the converter slag, containing 10-15 percent cop­
per is returned to the smelting furnace.
The major difference between the Mitsubishi process and 
the other continuous smelting processes is that the slag con­
tains no silica, being primarily magnetite. The absence of 
silica lowers the sulfur content of the blister copper (0.1- 
0.9 percent), and produces very little slag (approximately 
0.4 metric tons per metric ton of blister). As a result of 
the low sulfur content of the blister, little fire refining 
is required. However, since there is continuous contact 
between the matte and blister in the converting furnace, 
there is high retention of the arsenic, bismuth, and antimony 
in the blister. This retention means that the process may 
not be satisfactory for concentrates with high levels of 
these impurities (Biswas, 1976, p 231-236).
The gases from the furnaces contain about 10 percent 
sulfur dioxide making them amenable to sulfuric acid produc­
tion. Such conversion recovers approximately 90 percent of 
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Figure F-6: Elevation and plan views of the WORCRA process
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Worner and Andrews, 1973, P 134, 137.
WORCRA Continuous Smelting Process 
The WORCRA continuous process is very similar to the 
Noranda process, except in the furnace design. Air is intro­
duced by lances extending into the matte phase and a settling 
zone is provided to allow immediate discarding of the slag.
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The furnace Is usually "U" shaped, as shown in Figure F-6, 
providing two relatively isolated reaction vessels. Into one 
branch, the concentrate is fed and the matte continuously 
oxidized. In the other, the slag is reduced and the con­
tained copper allowed to settle out.
The primary disadvantages are the nonavailability of the 
heat from the oxidation branch for the slag treatment and the 
low productivity of the furnace (Biswas, 1976, p 229-230). 
Additional research is being conducted to develop a straight 
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